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Abstract

Free-space optical interconnects (FSOls) promise to deliver tremendous gains in

connectivity and architectural freedom in future computing systems. especially al the

backplane level. However. a critical hurdle that must he overcome for FSOIs to deliver on

their promise is that of optical packaging. The objective of optical packaging in FSOIs is to

implement an optical design within the specified alignment budget and support the

associated optoeleclronics. It is a multidisciplinary field combining aspects of mechanical.

optical and electrical engineering. This thesis explores optical packaging issues for FSOfs

such as: type of optical inlerconnecL impact of device technology. environmental effects.

and fabrication issues. Approaches taken to address these issues in previous optical

systems described in the literature are then studied: key points are the importance of

improving diagnostic techniques and the henefits of microopticloptoeleclronic device

Integration. To further study these aspects. the optical packaging for a four-stage hybrid

macrolcnsllenslet FSOI backplane is designed. built. and characterlzed. A non-obtrusive.

in-sitll alignment diagnostic system which uses dedicated alignment beams running parallel

tn the main link is also designed. implcmcntcd and characterized. An analysis of optical

crosstalk and signal-to-crosstalk ratio considerations due to misalignment is then presented

and it is shown Lhat crosstalk can he cxploited 10 yield alignment diagnostic information al

the expcnse of few additional componcnL~. A novel approach for simplifying prealignmem

of microoptics and oplocleclronics during fabrication is then presented. This consists of

using on-die reflectivc diffractivc structures to gcncrate reference marks for use during

alignrncnt and fabrication of integraLCd microopticl0PlOcIccLronic packages. Future avenues

of research are then discusscd.
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Résumé

Les interconnexions à optique à l'air libre (IOAL) sont jugées très promeneuses pour les

systèmes infonnatiques de l'avenir car elles pourront augmenter la connectivité et offrir un

plus grand champ d'action à l'architecture. surtout au niveau des plaques d'interconnexion

arrière. Cependant un obstacle de taille à sunnonter demeure l'empaquetage optique. dont le

but est de réaliser une structure de support pour un design optique et les composantes

optoélectroniques qui y sont associées. C'est un secteur de recherche multidisciplinaire

faisant appel au génie mécanique ainsi qu'à l'optique et l'électronique. Cette thèse

commence par décrire les facteurs qui ont une influence sur l'empaquetage optique. tels le

type d'interconnexion optique. le choix des dispositifs optoélectroniques. les effets liés à

l'environnemenL et les problèmes de fabrication. Les moyens empruntés pour relever ces

défis au cours de la réalisation d'autres systèmes optiques décrits ailleurs sont étudiés et

deux éléments clés se révèlent: l'imponance d'améliorer les mécanismes de diagnostic et

les bénéfices qu'apporte l'intégration de l'optoélectronique et de la microoptique pendant

l'empaquetage. La conception. la fabrication. ct la caractérisation de l'empaquetage optique

d'un système expérimental d'interconnexion de fond de chassis à base d'un système

hybride micro/macro-optique sont présentées afin de permettre une étude plus approfondie

des problèmes. Un syslème de diagnostic in-situ non-intrusif employant des faisceaux se

propageant en parallèle aux faisceaux principaux de transfert de données est aussi décrit.

Par la suite. une analyse des signaux croisés et du ratio signal-croisage est effectuée el il est

démontré que le croisage des signaux peUL être exploité à des fms de mesure d'alignement

d'un système. et ce à un faible coût matériel. Suite à cette anlayse. une nouvelle technique

pour simplifier le préaJignement des compllsantes microoptiques et optoélectroniques eSl

mise de l'avanL Celle-ci consïste à utiliser des structures réfléchissantes à diffraction qui

sont situées à même le substrat optoélectronique pour produire des motifs lumineux

simplifiant le préalignement et la fabrication d'empaquetage intégré. Une discussion portant

sur les sujets futurs de recherche conclut le touL

w



•

•

•

Acknowledgements

1 wish ta thank my advisor Dave Plant for bis tireless suppon and encouragement

over the course of this work. Dave was a1ways there to give me the best guidance in

theoretical, experimental and practical matters and 100 me to channel my work in the most

productive manner. Most importantly. 1 am deeply indebted to Dave for the great trust he

placed in me not on!y during the design and fabrication of Ùle various backplane projects

but aIso over the Many years of lab construction. maintenance. and operation.

Encore un super merci à Dr. Brian Robertson for the critical help he gave me and

for all that he taught me during our countless discussions in the lab and al the whiteboard.

1 thank Don Pavlasek for spending hours teaching me rmer points of machining and

fabrication. for leading me to an eleganl solution in Many mechanical designs and. along

with loe Boka. [Ùï repeatedly bailing me out when 1needed pieces machined in a rush.

Many heartfelt thanks to everybody in the lab whom 1 had the honour and good

fortune to work with over the years: Alain. Daniel, Danny, Dave, Dave. Eric. Fred. Lukas.

Maddy. Marc, Marcos, Mike. Mike. Nam. Pritha. Rajiv, Wayne. and Yongsheng.

Many thanks to Scott Hintun who, half a decade ago. accepted me into the McGill

Photonics Systems Group and opened many duors for me. Thanks to Rob Wodnicki and

Kczia for their help. and to Kechang Song al McMaster University for his work on the

MSMs. Thanks lo Profcssor Frank Tooley for his advice. as weil as to Professor

Taghi7.adeh and George Smith. Thanks lO Dr. Bill Robertson for the grating designs.

1 wish to thank ail staff at the Pholonics Lab at the Naperville (nlinois) facilities of

Bell Labs for the grcat kindness and professionaIism they demonstrated during my three­

day stay there.

Merci Séverine.

Finally. 1 dedicate this thesis lU my parents for all the love~ understanding, and

support they gave me over the course of my studies al McGilI.

iv



•

•

•

The work described in this thesis was supported by the NorteIlNSERC industrial

research chair in photonic systems. the Canadian Institute for Telecommunications

Research and FCAR (comité B2-0S). Multiple Phase Gratings were fahricated by the

ARPAlHoneywell COOP production run.

The two anicles al the back of this thesis are reprinted with the permission of the

IEEE and the OSA respectively. AlI copyright ownershîp of those articles remains

respectively with me IEEE and me OSA.

v



•

•

•

CRAPTER 1: INTRODUCTION ..••.•....•.•.•....•••.....•••••••.•..................... t

1.1 nIE ELECfRONIC PACKAGING HIERARCHY •...•.•.•.•...•.•.••.•............................••••.•........... 1
12 LIMITATIONS OF EI...ECTRO~lCBACKPL~''ES.•...• , .••..•..•......•.•...•.......•.............•.......•...•••-4
1.3 nIE PROMISE OF FREE-SPACE OmCAf.. I!'-'TERCOS:--'"ECTS••.••..•....•.......•.................•.•......... 7
1.4 OPTICAL PACKAGING TO ESABLE OPTICAL l''TERCON~'Ecrs..•.•.............................•......... 7
1.5 ORG~~IZAT10N OF mE THESIS ........•....... , .•.•.•....•.•....•......•.....•.....................•.•.•......•.. 7
1.6 ORIGINAL CONTRIB L"TIONS.........................•.•......••..........•......................................... 8

1.7 REFERE.~CES •........•................................................•................................................ Y

CHAPTER 2: REVIEW OF OPTICAL PACKAGING FOR FSOIS ..•.••••••••.•• 1 Z

2.1 I~TRODUCTION ....•.....•............•...•......•.•...•.............•........•.........•...........•................ Il
1.2 OPTICAf.. PACKAGI~G OBJEcnvE A:-:D REQUIRED CHARAcrERISTICS .....•......................... 13

2.2.1 Objeccive /3
2.2.2 Required Characteristics /3

2.3 TyPES OF OPTICAL L'ïERCON~cCTS..•...•.•.....•.•...•...•.•......•.•.•.•..••......•......•.....•.....•...•. 14
2.4 MODe"LATORS VS E.\-tITŒRS: 1~1PACTOF OPTOELECTRONIC DEVlCE 1'ECHNOLOGY ON OPTICAL

PACKAGING .•..................................••••...........•..••.•........•.....•.•......•.•......•...........•... 15
2.4. / Divergence Angle _ 20
2.4.2 Components 22
2.4.3 Align.rnent Tolerances 22
2.4.4 Diagnostic _ 23
2.4.5 Funher Deviee Commenls 25

2.5 E:o."VIRON~"TAL ISSFES ....•.•....................•......•.........•............................................ 26
2.5.1 Vibration Isolation and Compensation 26
2.5.2 Thennal Effeers 28

2.5.2.1 Cbip Thermal Control 28
2.5.2.2 Athermalization of Optics and Optica1 Paclcaging 29

2.5.3 Other EnvironmenJaL Effecrs 3/
2.6 FABRlCAllO:-; CO:"SIDERATIO:"S _ 32
2.7 I:o.TEGRAll0N HIERARCHY ................................•...................................................... 36
2.8 COl"CLtJSION ...............•.......•.........•...............•.............................•........................ 42
1.9 REFERE.","CES ............................•.............•.......•...........••................•........................ 42

CHAPTER 3: OPTICAL PACKAGING FOR A FOUR-STAGE BACKPLANE.51

3.1 I:"TR()Dl·c-rt():" ...........•................•..................•...•.........................•........................ 51
3.2 SYS~!\.t ()VERVIEW.....•............•............................................................................. 55

3.2.1 ()':er\"ie~\' of the Optieal S\·stem 55
3.3 BASEPLATEA:-';l> Bt'LK RELAy...........................•...................................................... 61

3.3./ Baseplare (Jesrriprion 6/
3.3.2 Baseplate Ml1elzinin!! wui CIUlrQCreriwJion 62

3.3 Bl~K BARREL AsSI~"!BLY 63
3.3. / Thennal Effeels in Bull.: ReLa.\· Lens lnner Mounrin[: 64
3.3.2 Bulk Barrel Mounting 68
3.3.4 Bulk Turning Mirror Alignmenr 70

3.4 OTIlER MODt~LES.•..•.............•.•...•....................•..•..••..•••.•••...•...•..•.•........................ 74
3.4./ unsLellbealnsplittcr Barrel 74
3.4.2 Oprical Pou'er Supply (()PSJ 78
3.4.3 BuLk lnlerconneer Toleranring 78

vi



•

•

•

3.5 OAl~GH1ERBOARD MOtJ!'oollNG TECHNIQtiES •••.•..•..•••.•..•.•.•.•..•••.•..•.•...••.......•.............. 79
3.5.1 Procedure 79
3.5.2 Daughlerbaard Fasrening Techniques 83

3.5.2.1 First Da~ghterboard Fastening Technique: Bolting -__ .. _. _ __ .. _. __ '. _ 83
3.5.2.2 Second Daughterboard Fastening Technique: Gluing 83

3.6 MECHANICAL STABll.ITY EXPERIME.1lIo"TS: SETUP ..•..•••.••.•.....•.••.•••.•.••••••.•.•.•.•.•............. 84
3.7 MECHANICAL STABll.ITY ExPERIMENTS: REsULTS ..•••.•••..•.•.•.•••..•.•......•...•.•.....•........... 89

3.7.1 Impacc on System Alignmenc ofFe Connectar [nsenion/e:araccion 89
3.7.2 MeasuremenJ ofLong-Term Drift ofBolced Daughlerboard 9U
3.7.3 Measuremenc ofLong-term Drift ofGlued Daughlerboard 92
3.7.4 Real-lime Measuremellls OfMechanical VibraIions ofGlued DauRhrerboard. 94
3.7_5 DaughIerboard Posicioning in Olher Degrees ofFreedom 96
3.7.6 Discussion of Resulcs 97

3.8 CONCLUSION ..•.......•..•.........•...............•..•...........•..•........•...•.......••........................ 97
3.9 REFEREi~CES 98

CHAPTER 4: IN-SITU ALIGNl\tfENT DIAGNOSTICS ••••••••.••••••••.••.•••.•. 101

4.1 I~TRODl:C'fIOL' 105
4.2 ALIG:"JME.'" DETECTORS A.'I;D ~ŒASCRE.\Œl'T RANGE 105

4.2.1 Choice ofAliRnmenc DececlOrs lU5
4.2.2 Desired Measuremenr Range 106
4.2.3 Effect ofbeam u idlh on measuremenc range 107

4.3 OmcAL k'OD DEll:LfOR DESIGS 110
4.3./ Overview ofalignmenc beam oplical relay 111
4.3.2 Opcical Relay for Alignmenr BealltS lx and /)" 11J
4.3.3 Optical Relay for Alignmenr Beams 2x and 2y 114

4.3.3.1 Effect of on-die space constrainL" on opticaJ re1ay 1 14
4.3.3.2 Design of optical relay _ ll~

4.3.4 Alignmenr Detector Configuration 115
4.3.5 Off-chip processing ofalignmenl dereClOr signaIs 1/7

4.4 COMPONENTS 118
4.4./ Microoplics Il ..f;{
4.4.2 OplOeleclronics and packaging 118

4.5 ExPERI~ffi'l;TAL REsl"LTS 122
4.5.1 Images of Beam Arm.\' al Se/ected Planes 122

4.5.1.1 Sy~lcmatic crrllr duc lu bcarn profile _.. _._._ _.. 122

4.5.2 Alignmenl Measurement 125
4.5.2.1 Perfurmance of lx and Iy mca5urcmcnt 126
4.5.2.2 Performance of 2y mea...uremcn[ _ __ 129
4.5.2.3 Dirierentia1 voltage swing _ 131

4.6 Olsn·SS[O~OF REsl"LTS 131
4.7 COST OF O[AG~OSllCSVSTE.,,1.. 132
4.8 COSCI.l·S(():,\ _ 133
4.8 REFERESc"'ES 133

CHAPTER 5: OPTICAL CROSSTALK AS AN ALfGNMENT DIAGNOSTIC
TOOL .......•.•.•..•.•..•...•.•..•.....•••.•...••••••••.••....••.....•.••• 136

5.1 I:-:TRODUCT1<)S 136
5.2 OEFlsmOSS A~[) GEOMETRICAL SEl17P 139
5.3 CALCliLATIOSS ()F THEORETICAL CROSSTALK DlFFRACTlON PAlTER.~ 141

5.3./ Derivation ofthe Diffracrive Lens Model 141
5.3.2 Sellip ofIlle [)iffraction Integral 142

vü



•

•

•

5.3.3 Ca/cu/alion Results 145
5.3.4 Significance ofthe Calculalion Resu/ts 149

5.4 DEDICATED ALIGNME.''T DETECTORS.••...•••.....•..................•..................•............•...... 151
5.4.1 OptimizaIion ofA/ignmenI Detecrors 152

5.5 MEASURED OIFFRAcnON PATIER.""iS FROM CROSSTALKLENS ..•....•.................••.•........•.• 156
5.5.1 Observalion Setup and Calibration. 156
5.5.2 Qualilalive Analysis 159
5.5.3 QuanritalÏl:e .4nalysis 162
5.5.4 Discussion ofthe Resu/ts 165

5.6 PERFOR.~"IJCE OF ALIGNME.''T DETEcnoS SySTE.\1 ...........•.••..•..•.......•.•.••..•••............. 165
5.6.1 MSM Characterization 165
5.6.2 Results 167
5.6.3 Discussion 168

5.7 IMPLICATIONS ..............•....................................................................................... 169
5.8 REFERE."CES 170

CHAPTER 6: INTEGRATION OF OPTOELECTRONICS AND MICROOPTICSI73

6.1 I:-':TRODUCTlON , ............................•..................................................•........... 173
6.2 DESCRIPTION OF TECHNIQl'"E ............................•...•........•.......................•.................175

6.2.1 A/ignlnenc Accuracy 179
6.2.2 Components 180
6.2.3 Effecl ofGlue on Chip HeighI and Tilt 182

6.2.3. 1 Sources of Error in Glue Mea...uremenl SelUp _ 183
6.2.3.2 Glue Measurements and Discussion 183

6.2.4 Oplical Setup 184-
6.2.4.1 Bearn Perpendicularily .. _ _.. _ _ , _ 185

6.2.5 Resulls 188
6.2.6 Discussion _ _ 189

6.3 ELECllUCAL SIG~ALTRACES AS DrFFRACïlVE ALIG:-':MË.''T STRUCTURES 189
6.3./ Description and lheoretical perfonnance 191
6.3.2 Experimental Resulls and Discussion 191

6.4 MI~L\1]ZI~GTHE EFFECT OF PER1TRBATIO~SO~ DlFFRACTIVE PATIER."IJS 193
6.5 CO~CLl"SIO~ 1Y6

CHAPTER 7: CONCLUSIONS AND FUTURE DIRECTIONS .•••.•.•.••..•.•.. 199

7.1 CONCLCSIO~S .......................................................•.............................................. 199
7.2 RTl'RE DIRElTI{)~S.......................................................•..............•................•.....200

7.2. / Chaire ofJrtareria/s 200
7.2.2 Diagnostics 201
7.2.3 SaJery 201
7.2.4 Final c.-011l1nenls _ 202

7.3 REFERE.-":ŒS ..........•.•................................•..............•...........................................204

APPENDIX 1: DIF..-RACTIVE LENSLET EFFICIENCY .••.•....•.•...•••.••••.• 205

AI.I [~TRoDl·rrI{)S 205
AI.2 MEASFRI~G EFFlCïE~CYOF nIE FIRST ORDER 206
AI.3 MEASFRI~GEf-HCïE~("YOF ZEROTII ORDER 208
AI.4 OVERALL LE.-":SLET PERF()RMA~CE ..........................•...................•..........................208
AI.4 REFERE."IJCES.........................................................•.............................................20Y

Vlll



•

•

•

The following five paragraphs are included as per McGill regulations.

Candidates have the option of including, as pan of the thesis. me text of one or more
papers submitted or ta be submitted for publication. or the clearly-duplicated text of one or
more published papers. These texts must he bound as an integral part of the thesis.

If this option is chosen, connecting texts that provide logical bridges between the different
papers are mandatory. The thesis must be written in such a way that it is more than a mere
collection of manuscripts: in other words. results of a series of papers must he integrated.

The thesis must sùll confonn to ail other requirements of me "Guidelines for Thesis
Preparation". The thesis must include: A Table of Contents. an abstraet in English and
French. an introduction which clearly states the rationale and objectives of the study. a
review of the literature. a fmal conclusion and summary. and a thorough bibliography or
reference list.

Additional material must he provided where appropriate (e.g. in appendices) and in
sufficient detail to allow a clear and precise judgement to he made of the imponance and
originality of the research reponed in the thesis.

In ilie case of manuscripts co-authored by the candidate and others. the candidate is
required to make an explicit staICment in the thesis as to who contributed to such work and
to what ex.tent. Supervisors must attest to the accuracy of such statements at the doctoral
oral defense. Since me task of the examiners is made more difficult in these cases. it is in
the candidate's interest 10 make perfecùy clear the responsibilities of ail the authors of the
co-authored papers.

ix



•

•

•

ASSOCIATED PUBLICATIONS

The work reported in this thesis has been published or is being published in the

forro of the following papers.

Journal Articles

G. C. Boisset.. D. R. Rolston. R.. lyer. Y. S. Liu.. B. Robenson~ D. KabaL and D. V.

Plant. "In-situ measurements of misalignment errors in free-space optica1

interconnects.. " submitted to IEEE Journal of Lightwave Technology. May. 1997.

accepted lanuary. 1998.

3 R. Iyer. Y.S. Liu. G.C. Boisset. D.l. GoodwilL W.M. Robenson. B. Robertson.

M.H. Ayliffe. D. Kabal. F. Lacroix. and D.V. Plant.. "Design. implementation. and

characterization of an optical power supply spot array generator for a four stage free­

space optical backplane". Applied Optics. 36. pp. 9230-9242 (1997).

4 G. C. Boisset. M. H. Ayliffe. B. Robertson. R. Iyer. Y. S. Liu. D. V. Plant. D. 1.

GoodwilL D. KabaL and D. Pavlasek.. "Optomechanics for a four-stage hybrid-SEED­

based free-space optical backplane." Applied Optics. 36.. pp. 7341-7358 (1997).

5 B. Robertson. Y. S. Liu. G. C. Boisset. M. R. Taghizadeh, and D. V. Plant. "In-situ

interferometric aIignmcnt syslems for me assembly of microchannel relay systems."

Applied Oprics. 36. pp. 9253-92(lO ( 1(97).

fi G. C. Boisset. B. Robertson. W. S. Hsiao. M. R. Taghizadeh, 1. Simmons. K. Song.

D. A. Thompson. and D. V. Plant. "On-Die Diffractive Structures for Alignment of

Microlens Arrays lo 2D 0plOdectronicDevice Arrays, fi IEEE Photonics Technology

Letters. 8, pp. 91S-92U (1996).

7 D. V. Plant, B. Robertson. H. S. Hinton, M. H. Ayliffe, G. C. Boisset, W. Hsiao, D.

KabaJ. N. H. Kim. Y. S. Liu. M. R. Otazo. D. Pavlasek, A. Z. Shang, 1. Simmons..

x



•

•

•

K. Chang~ D. Thompson~ and W. M. Robertson.. "A 4x4 VCSEUMSM Opticai

Backplane Demonstrator System.." Applied Optics.. 35~ pp. 6365-6368 (1996).

8 D. V. Plan~ B. Robertson~ H. S. Hinton.. W. M. Robertson.. G. C. Boisset. N. H.

Kim. Y. S. Liu~ M. R. Otazo. O. R. Rolston.. and A. Z. Shang.. "An Optical Bacl~l'lane

Oemonstralor System Based on FET-SEEO Smart Pixel Arrays and Diffractive Lenslet

Arrays~ " IEEE Photonics Technology Letters•. 7. pp. 1057-1059 (1995).

Conference Proceedings

B. Robertson. Y.S.Liu. G.e.Boisset. M.H. Ayliffe, R. lyer. O. Kabal. W. M.

Robertson.. H. S. Hinlon. M. R. Taghizadeh, and D. V. Plant. "Michrochannel

Interconnect Design Issues". Proceedings of the Microlens Arrays conference.

European Optical Society. Topical Meetings Digest: 13, pp. 127-131 (1997)

2 D. N. Kabal~ G. C. Boisset. O. R. Rolslon, and O. V. Plan~ "Packaging of lWO­

dimensional smart pixel arrays." Proc.Summer Topical Meeting on Smat Pixels.

Colorado. August 1996.

3 G. C. Boisse~ B. Robertson. W. Hsiao. H. S. Hinlon, and o. V. Plant, "Detection of

x-y Misalignmenl Error Using OpticaI Crosstalk in a Lenslet-Array-Based Free-Space

Optical Link, " Proc. OC'95. pp. 63-64.

4 B. Robertson, G.e. Boisset. H.S. Hinton. Y.S. Liu, N.H. Kim. R.M. Otazo. D.

Pavlasek. D.V. Plant. D.R. Rolston. and W. M. Robertson. "Design of a Lenslet

Array Bascd Free-Space Optical Backlllane Oemonstrator," Proceedings of the Optical

Computing 1994 Conference. InsLPhys. Conf. Sere No. 139, pp.223-226.

xi



•

•

•

Chapter 1: Introduction

Demand for computing power is increasing at an ever-higher rate in today's digital

society. Moore's law~ which states that chip performance doubles every 18-24 months. has

held out for over thirty years and is expected to hold for the foreseeable future. However.

transmining information within computing systems is more problematic: interconnection

throughput is not increasing as fast as chip perfonnance is~ which leads to a botdeneck.

The way to increase interconnection throughput is to improve packaging techniques.

1.1 The Electronic Packaging Hierarchy

Proper engineering practice dictates that the best way to solve a complex problem is

to break it into more manageable pans. To better attack the packaging problem. therefore.

designers have broken down packaging into a hierarchy which is as follows[ 1] and which

i5 shown in Figure 1.1. At every level of the hierarchy, the packaging serves ta ensure

high-speed interconnection between the sub-components. Other tasks played by packaging

include protecting suh-components. dissipating thermai energy and distributing power.

• Level l: chip carrier. This can he implemented using many different technologies

such as dual in line pin (DIP) packages. ball grid arrays (BGAs). and plastic

leaded chip carrier (PLCC). among many others.

• Level 2: printed circuit board (PCB). for chip-to-chip communication. Chip

carriers are usually soldcred onto the PCB. Technologies for implementing

PCBs include flex film camer. injection molded cardo polymer fùling and many

others.

• Level 3: backplane. for hoard to board communication within a chassis

• Level 4: frame. which houses severa! chassis. Chassis-to-chassis interconnection

is usually accomplishcd via high speed coaxial or fibre links.



•

•

•
Figure 1.1: Electronic Packaging Hierarchy

2

Levet 2: Printed Circuit Board

~-... evel 3: Backplane

~evel4: Frame
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The key, therefore, is to fmd where in the electrical packaging the bottlenecks arc

arising. Table 1.1 presents the Semiconductor Industry Association projections for silicon

integrated circuits (ICs). Table 1.2 below that indicates the performance of various chip­

carrier packaging technologies available taday[2].

Year Feature Size Gates Un-Chip Off-Chip Pin-out Number
(microns) Clock Clock (Rent's Rule)

(MHz) (MHz)

1995 0.35 800K 200 100 980
1998 0.25 2M 350 175 1640
2001 0.18 5 500 250 2735
2004 0.12 IOM 700 350 4026
2007 0.1 20M 1000 500 5928

Table 1.1: Semiconductor Industry Association projections for

silicon ICs

ehip Carrier Approx Maximum Aggregate Price Supplier
Bandwidth J/O Bandwidth (l p.c.)
(Gbitsls) (Gbitsls)

DIP 0.1 50 5 $5-20 Kyocera
QFP 1 150 150 $15-50 KyoceraNTK
PGA 0.4 4(X) 160 $15-50 Kyocera, NTK
(0.1" pin pitch)
LCe 2 156 312 $15-50 Kyocera, NTK
BGAlLGA 1 600 600 NIA Amkor. Kyocero.l

Table 1.2: Performance comparison of various chip carriers

Multiplying Ùle pin-oul numbcr by the aff-chip dock rate in Table 1.1 ta gel a

maximum throughpuL requirerncnl pcr IC. il can be seen that the 600 Gbitsls in Table 1.2

can accamodale can accomodate IC-PCB communication for aL least the next few years. A

similar analysis for chassis-to-chassis communication reveals thaL fibre links should he able

la accomodate the demande

The bottlcncck is al the clcctrical backplane leveL
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1.2 Limitations of Electronic Backplanes

The primary advantage of a backplane is that it offers direct. cheap. and reliable

multi-point. intra-chassis communication between any peBs on the backplane without

having to send data through an expensive switch elsewhere in the system. There exists a

great body of work covering electfonic backplane design issues. Table 1.3 overviews

conventional and emerging electronic backplane approaches. which must he studied before

optical backplanes cao he considered.

APPROACH BUS Clock MAX NUMBER ENGINEERING
WID1H (MHz) THROUGHPUT OF COMMENTS

(bits) (Gbitsls) BOARDS
CONVENTIONAL

PCUCompact 64 66 4.2 8 • peI-pCI bridge chips
PCI[3J needed for> 8 boards
Typical 256 -75 20 15 • >12layers

custom[4] • SignaI:Ground = 4: 1
EMERGING

Rambus[5) 64 500 32 5 •Variable current drive
• single master for
impedance reasons

Active 64 600 40 5 • tunable termination
impedance • slew rate limited

control[6,7]
Multi-serial bus >200 5(K> 100 15 • multiple point-to-point

[8.9] • usually switch-based
Proprietary [10] -- lO(X) 100-500 10-20 • still in laboratory

• possible EMI issues

Table 1.3: Conventional and emerging backplane approaches

Quite simply. Table 1.3. indicates thal future baclq,lanes will barely accomodale the

data lhroughpul demands of evcn one high performance (600 Gbits/s) chip on a PCB

lalking 10 another peB. cven wilh caching eliminating 90% of bacllliane accesses. This is

the bOlùeneck for systems wiLh high-pcrfonnance and even mid-to-low performance

requirements thal oflen have severol) boards each with severa! CPUs and DSP chips in a

4
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chassis. in addition to Many other memory and J/O PCBs. The back-plane cannot keep up .

The doubling of chip perfonnance every two years just widens the gap.

Funher comments on the table are as follows.

This table does not caver the conventional VME standard[ Il] which still dominates

the medium performance (-640 Mbitslsecond) market today: the market for VME boards

alone was greater titan US$ 1.2 billion in 1996 and is still growing at 15% annuaIly[ 12].

Recent developmenLS include hybrid combinations such as the emerging VME320 appraach

which consists of a logical bus implemented by multiple seriaI lines converging to a

common point then fanning out again with no regeneration-an electricaI backplane

equivalent ta a star coupler. This technique reporredly allows for a 40 MHz dock on the

backplane since distributed capacitances are eliminated and are effectively replaced by one

large lumped capacitance Iocated halfway down the tracer 13). This increases the total

number of traces on the backplane. which can lead ta higher fabrication COSLS.

As can he seen for emerging backplanes that are in current use (i.e. that have left the

laboralOry). the general trend indicates that board numbers tend ta faIl as overall throughput

increases. The exception ta this roie. namely muiti-seriaI busses. could better be described

as an ovcrall architecture in which data is sent from board to board (on traces connected to

jusl two boards) via switches residing within the system. Many reasons explain this

phenorncnon of fewer boards al higher speed: the two main reasons are given below.

Firsl. adding hoards and drivers adds capacitive loads ta a backplane trace. This

lcads lO a lowcr overJ.lJ Char..lClCristic impcdance. Zo' on the trace. which reduces voltage

swing for a givcn cUITent drivc and increases power consumption. Moreover. increasing

the CUITent sinking/sourcing capahilily of a driver will generally increase the capacitive Inad

prescnted by Ù'lC driver on ilie trJ.cc. This Icads to a still lower Zoo Attempts ta overcornc

lhis prabIem, such as Backplane Tr•.msceiver Logic (BTL) on Futurebus+[ 14]. endcd in

failure for differenl rcasons mnging from insufficient slew rates on power supplies and

5
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annoying signal glitehes to a general reluctance on the pan of suppliers and users alike to

invest time and money in a new untested technology.

Second~ many high speed bus or bacl-plane solutions position the master at one end

of the trace[5]~ leaving only slaves everywhere cise on the trace. This is done mainly

because a driver al the end of a trace sees an impedance Zo whereas a driver not at the end

of a trace sees an impedance Zj2 (two impedances in parallel). Moreover, there are fewer

complications associated with reflections if the rnaster is at one end. As a result~ Ùlere can

he only [Wo potential masters since a trace oh\t;ously has just (Wo ends. Rambus cven puts

a termination resistor al one of the two ends. Ieaving only one master.

Another conclusion can he drawn from the table above. Active impedance controL

while producing impressive results in both throughput improvernent and especially power

consumption~removes one of me key attractions of the tradiùonal copper trace backplane.

namely its reliability. The introduction on the trace of an active device in addition to the

strict minimum requircd to drive a signal necessarily removes sorne reliability. which is

effectively an added cost. If incremental increases in electronic backplane throughput come

at the cost of additional active electronic devices. men optical backplanes, which promise

tremendous (not incremental) increascs in throughput al the cost of additional electfo-opÜC

devices. are a much hetler route.

Another issue not brnught up in the table is that of the performance of electronic

connectors. Connectors have an impact on the system by adding capacitance to the traces to

which mey are connected and adding inductance to the signal path. Moreover. connectors

can comribute to crosstalk during signal transmission [151~ and reducing this crosstalk can

best he donc by rcducing the pin signal:ground ratio or increasing the pin pitch. 80th

solutions. howcvcr. rcducc overall throughput.

In shon~ system designers do nol have access lO high-speed electrical backplanes.
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1.3 The Promise of Free-Space Optical Interconnects

Free-space optical interconnecLS (FSOls) promise to alleviate the transmission

bottlenecks in the backplanes of high performance computing systems as the demand for

infonnation throughput between processing elements reaches ever higher. The reasons

include the following[ 16. 17~ 18]:

• greater spatial and temporal bandwidth yielding large throughput gains

• reduced electromagnetic interference (EMI) generation and suseeptibility

• lower power dissipation

• lower skew. lower lateney. and eliminated impedance mismatches

• potential for implementing new architectures

1.4 Optical Packaging to Enable Optical Interconnects

Many practical prablems remain ta be salved befare FSOls can deliver an their

promise. Optoelectronic technology must improve 50 that devices can be made more

reliable. receiver and transminer designs must be made more efficient. optical designs have

10 he more efficient and opticaI packaging must be improved. Hawever. camparing the

levd of sophistication of current smart pixels with their thousands of JlO [19) to that of

CUITent optical packaging which is stiU very bulky[20]~ il glaring discrepancy can he noted:

smart pixel technology is much furthcr ahcad than optical packaging technology is. The

lack of carnpacL chcap. and œliahle optical packaging is slowing down the cntire field:

improving it would grcaùy hasten the arrivaI of commercial FSOIs. This is the reason why

this thesis addresscs optical packaging.

1.5 Organization of the Thesis

This thesis is nrganized as follows. Chapler 2 reviews issues and challenges in

optical packaging for FSOIs. Thesc includc impact of device technology. environrnental
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issues and fabrication concems as weil as the different types of optical interconnects. Given

the challenges brought up in the previous chapter. chapter 3 covers the design. fabrication

and characterization of optical packaging for a four-stage opùcal bacl-plane implementing

hybrid-SEED technology and a hybrid optical interconnecte This chapter underscores me

importance of developing diagnostic techniques for FSOIs. Chapter 4 introduces a nove!

in-situ diagnostic technique involving higher-order alignment beams running parallel to me

main link for alignment diagnostics. Chapter 5 introduces a more cost-efficient technique

for diagnosting misalignment: optical crosstalk is used ta deduce the alignrnent status of a

FSOI. Chapter 6 develops novel packaging techniques to simplify fabrication and prc-

alignment techniques for FSOls.

1.& Original Contributions

The original contributions presented by the author in this thesis are:

1) Design and fabrication of nove! optomechanics for the first truly three­

dimensional venically-mounted multi-stage FSOI.

2) First extensive use of clcctronics and signal processing to characterize

optomechanics for a FSOI.

3) First largc-scalc incorpor.llion of in-situ diagnostic Loois to help align and

quantify perfonnancc of optical packaging within a FSOI.

4) DemOnSlr.ltion of the first system using optical crosstalk to monitor misalignment

of a FSOI hy dcsigning and laying out detectors whose geomeuy is optimized to

capture the grcatest amount of diffracted power due to misalignment while

optimizing the ovcrJ.11 signal-to-crosstalk ratio (SXR). First calculation of

adjacent channel SXR vs lateral misalignment for non-ideal diffractive lens.

5) First dcmonstration of rcOcctivc. diffractive. on-die features for alignmcnt of

microoptics to optoclcclfonics: first dcmonstration of the use of electrical signal

lincs 10 acl as said diffrdctivc alignment features. and calculation of effect of

penurhations duc to undcrlying mctal traces on diffracted pattern.

Since the Photonic Systems Group is involved in multi-disciplinary research. a lot

of work is donc in lCams and as such many people help each other out. For the work
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presented in this thesis, all under the inspired supervision of Professor PlanL the folIawing

people gave invaluable help. Dr. Brian Robertson was the first to tell me ta consider

diffractive effects in crosstalk and gave much insight in other countless discussions. Don

Pavlasek spent hours going over fabrication considerations with me for the design and

fabrication of phase II optomechanics. Of the hundreds of pieces for Phase [1

optomechanics, Mike Ayliffe designed scores of them including critical components such

as the outer barrel. Dominic Goodwill and Rajiv Iyer also respectively designed and built

most of the optical power supply. Yongsheng Liu helped out in optical mancrs. David

Kabal laid out and supervised the fabrication of the printed circuit boards which featured

signal traces for relaying electric alignment signais and helped in wirebonding. David

Rolston laid out the large Si alignment detectors on the hybrid-SEED chip and managed to

make available pin-outs for those signais. Discussions with Rob Wodnicki were fruitfuI for

the silicon detectors. Dr. William Robertson (Middle Tennessee State University) optimized

ilic fan-out grating design 10 supply higher oeders for the alignment beams. Professor

Taghizadeh at Heriol Wan University (Edinburgh. Scotland) fabricated the difîmcùve

lensleLS. Kechang Song (McMaster University. Hamilton. Canada) fahricated both MSM

chips. Danny Birdic. Prima Khur~a.and Eric Bernier helped me Lake data at variaus Limes

when 1 needed assistance. 1 never could have accomplished this thesis without aIl the above

people and 1sincercly thank them.
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Chapter 2: Review of Optical Packaging for FSOls

2.1 Introduction

Optomechanics is the discipline which consÏSts of designing and fabricating reliable

support structures for implementing optical designs. Optical packaging is a broader field

which includes optomechanics but which aIso consists of integrating optoelectronic

components and electronic packaging into complete systems. While the field of

optomechanics has been studied for centuries [1] and is by now a well-established field

with many excellent references [2.3.4.5.6). the field of optical packaging as applied lo

digital free-space optical interconnects (FSOIs) is relatively new[7).

The goal of this chapter is lo review the principal optical packaging problems thal

have been overcome and athers thal will have to be overcome in order for FSO[s ta work in

industrial contexts. [n other words. the key problems are introduced in this chapter:

subsequent chapters describe research that was conducted to address the problems brought

up in this review.

This chapter is divided as foIIows. Section 2.2 will cover me objectives that opùcaI

packaging must meel and the characteristics that il must have. Section 2.3 overviews the

different types of optical interconnccl~ used ta implement FSOls. Section 2.4 studies the

impact of devicc lechnology on oplical packaging. Ta help do so. two syslems- one based

on emitters and the olher bascd on modulalors - designed and fabricated al McGill will he

considcred. Section 2.5 covers cnvironmcntal issues that affect FSO[s. Section 2.0

descrihcs typicaJ fahrication conccrns that must he addressed. Section 2.7 presenL~ an

opticai packaging hicr..u-chy that has becn adopted by optical packaging des igners to bcncr

organize their task given the abnvc concems.
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• 2.2 Optical

Characteristics

Packaging Objective and Required

•

•

2.2.1 Objective

The objective of opùcal packaging in FSOIs is to implement an optical design

within the specified alignment budget and support the associated optoelectfonics.

2.2.2 Required Characteristics

For FSOIs lO leave the laboratory and gain widespread acceptance ln industry.

opticaJ packaging should have the following characteristics :

• Ruggedness: This is by far the most important. Systems must rernain aligned

and functional over long periods of time. even when exposed to vibrations.

shock, and cnvironrncntal fluctuations. Many electronic and fibre optic

applicaùons today are compliant with standards describing expected ruggedness.

ranging from civilian applications [8.9] to militaryones[ 10]. FSOI system will

have to comply as weil.

• Ease of assembly and maintenance: One cannot aIways have teams of

highly trJ.ined researchers huilding and fLXing systems one at a ùmc. Reducing

componcfil count is one kcy simplification.

• Low cost: Recent estimates indicate that optoelectronic packaging costs

represenl 70-ROGJ(- of total component cost in general optoelectronic systems[ 1II.

and arc stilI high evcn in fihre-hased links[ 12). This is unacceptable. The costs

must fall. Moreover. the LOtal cost of operation, including maintenance as weil as

assemhly. must he considered.

• 5mall size and weight: FSOfs must follow current packaging trends toward

miniaturi7.aulln 1131 .
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• Compatibility with existing plant infrastructure: while not mandatory.

compatibility with established standards [14] for mechanicaI structures m

computing environments will help ensure a more rapid acceplance of FSOIs.

2.3 Types of Optical Interconnects

In FSOIs. the objective of an opticaI interconnect is to image arrays of beams from

one plane to another. There are effectively four classes of interconnects used in FSOIs:

these are shawn respecùvely in Figure 2.la through d [15].

a) macrolens-macrolens: From an opùcaI packaging perspective. this is the

simplest to design and aligne As shown in Figure 2.1a. a relay (usually telecentric) is made

up of two lenses. These systems have many drawbacks. however. since expensive and

bulky muIti-element compound lenses [16] often have to be built in order to obtain the high

lield of view necessary to image a beam array that may be severa! millimeters on a side.

Moreover, most of the space-handwidth product of the costly lens is wasted since the

relayed beams occupy only a small pan of the total image area.

b) lenslet-Ienslet: to avoid using costly and inefficient compound macrolenses.

interconnects can he implemented using just lenslets[ 17]. This implementation allows for

very compact designs with simple optics. However. the maximum interconnect distance is

limited unless non-telecentric systems are implemented [18. 19]. but these are hard ta align

and still offer limited interconnect distances.

c) hybrid macrolens-Ienslet: this approach combines the advantage of the high

numericaJ aperture <NA) of lenslets with me longer distance relay capability of

macrolenses. Moreuver. the macrolcnscs do not have ta he complex since they need only

relay beams with low numericai apcnures(20).

d) hybrid lenslet-minilens: this approach aIse uses lenslets with high NA 10

capture heams leaving a device plane. The minilens relay offers a grealer tlexibility of

interconnect distances and implcmcntation technology[21] .
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• While not strictly free-space interconnects themselves. fibre ribbon inlerconnects

are also of interest and someùmes play a role in FSOls since many parallel computing and

switehing systems have used fibre bundles for bringing data into or oul of a

system[22,23.•24] ~

• (c)

(b)

(d)

•

Figure 2.1: Different optical interconnect configurations a) macrolens­
macrolens b) lenslet-Ienslet c) hybrid macrolens-Ienslet d)
hybrid minilens-Ienslet

2.4 Modulators vs Emitters: Impact of Optoelectronic

Deviee Teehnology on Optieal Packaging

From an optical packaging perspective. fSOIs cao be divided inlo two categories:

crnitter-based and modulator-bascd. In cmitter-based systems [25.26.27, ,28.29]. arrays of

dcvices such as vertical cavity surfacc emitting lasers (VCSELs) direcùy generaLC the

cncoded beams of light which arc sent to the next stage. as shown in Figure 2.2a. On the

omer hand. in modulator-ba.'icd systems described to date, [30.31,32.33,341 an optical
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• power supply (OPS) generates an array of optical power beams which are imagcd onto an

array of optical modulators at stage # L: a typical setup is shawn in Figure 2.2b. The

moduJated heam array must then be relayed to a detector array at stage # 2. There arc thus

two distinct alignment problems: first the array of optical power beams must he aligned

onto the stage # Lmodulator array: second~ the modulated beams must he aligned onto the

detector array at stage #2. This is repeated as many times as there are stages in the system.

In bath approaches. beams of light with information encoded onlO them are imaged from

one stage to another. The fundamental difference between the two. as far as opticaJ

packaging is concemed. is that modulator-based interconnects are generally more complex

for optical packaging designers since there is the additional step of aligning optical power

supply beams onto modulators.

•••
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Figure 2.2: Optics for different device technologies a) emitter-based b)

modulator-based
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Broadly speaking. erniners cao he divided into light emitting diodes (LEOs). cdgc

emitting lasers. and surface emitting. Resonant cavity LEDs (also known as

superluminescent LEOs) combine aspects of LEOs and lasers. LEOs are the cheapest and

most reliable devices but they are inefficient. cannot be modulated beyond a few hundred

MHz and the generated light is not very directional [35]. Edge-emitting lasers have becn

used for over a decade in long-haul fibre communication and experimentaI FSOI systems

with OOge emitting lasers have been demonstrated [28]. but they are limited to ID

interconnects and so cannot match the throughput promise of 20 interconnects. Surface

emitting lasers. 100 hy VCSELs. are the most promising avenue of research right now.

VCSELs can easily he fabricated into 2D arrays and offer low threshold CUITenLS.

symmetric beam profiles. and wafer-scale testability. among many other qualities. CUITent

challenges for VCSELs include polarization control [36] and anaching them [371 to or

growing them [38] ooto silicon intcgrated circuits in a way that does not negatively affect

the above-mentionned superior VCSEL characteristics.

Modulator technologies includc include the various SEED-based device families

which are more advanccd man emittcrs in terms of capability of attachment to silicon [391.

Liquid crystals. [401. cxcilon absorption rellection switches (EARS) [34], and others arc

also used [41 ].

In the following paragraphs. optical packaging design issues and constraints for

emitter- and modulator-hascd systems will he studied by comparing an emitter-based

system. a VCSEL-MSM system(17] and a modulator based one. the FET-SEED

system[ 171. the opticaJ packaging for hoth of which the author was largcIy responsible.

OhviousJy. comparing lwu systems that had vastly different architectures. design

objectives, priorities. and budgcL, may he unjusl. However. these systems were designed

and built by essentialJy the same group of people within an 18 month ùmc frame and have

charJ.cteristics typical of thcir respective emilter and modulator classes and as such will
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serve weIl for me comparison. The FET SEED system is shown in Figure 2.3. the

VCSEL-MSM system in Figure 2.4.

Lenslet
Array

Holders

PCBs

Figure 2.3: FET·SEED System a) Picture showing system with two PC Os

and part of imagingldiagnostic system b) Diagram with peRs

and imaging/diagnostic system removed for clarity
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....,,1--- 40 mm --...ot••

•

Daughterboard-barrel
adapter clamp

Daughterboard

Aanged main barrel

•
Imaging System for AlignmeOl

AMER

•
Figure 2.4: VCSEL-MSM system a) picture in chassis b) diagram showing

imaging system
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• 2.4.1 Divergence Angle

At either a modulator or emitter device window ~ the optical design is such that a

beam waist is usually present (Gaussian beams are assumed). If W o is the lie: radius (a

2wo diameterencircles 86% of the beam energy~ a 3wo radius encircles 999é) of the beam

al the window, then the beam leaves the window with a full width Ile:! max (FWe-:M)

divergence angle of 8 in the far field. as shown in Figure 2.S, where 8 is given by[42]:

À
28=2-­

1rWo
(1)

•

•

The VCSELs in the system had a nominal beam diameter al the window of

2u:(.=2.8J.lm(3wo=4.2J.lm}, which gave a far field FWe·2M divergence angle of 26v =22 0

(f/#=2.6). Given the VCSEL pitch of 125IJ.m and the very high divergence angle.

micraoptics would have had ta be 214 J.1.rn away from the devices to capture 999é of the

light: this cauld have caused space canstraints with the wirebonds on the device. Moreaver.

this would have imposed refractive lenslets since fabricating efficient dïffractive lensets for

such low f/# beams wauld have been expensive[43]. Given these constraints. il was

decided ta use the first type of interconnect described above. namely a macrolens-

macrolens interconnecL This is a clear example of how the device technology. in

conjunction with optical and packaging constraints, cao dictate the type of optical

interconnect implemented and impose a solution which may not be scalable. Previous

systems incorporating VCSEL~ with lenslets have also encountered the prablem of

bondwires close to the microoptics(44]. It should be noted that problems of this nature can

he overcomc in part hy using hcam clustering[451. but this option requires control aver the

dcvice layout. which is not always a possihility.
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Figure 2.5: Far field divergence angle of an ideal Gaussian beam

Generally, moduJator windows are bigger than eminer windows. As a result. me

beam diameter "'"0 al the modulator window in equation (1) can be made bigger: this in tum

reduces the divergence angle and thus increases the f/# of me beam leaving the smart pixel.

This allows for more optical design freedom as can he seen from œcent systems

implementing FSOIs: for example. in these cases inexpensive diffractive microoptics can be

placed close ta the device windows in arder to further reduce the numerical aperture of the

beams. Afterwards. hybrid systems like the ones described above in section 2.3 can he

used ta relay the beams from one stage ta another[46.47.48]. Demanstrators using just

bulky macrOlenses (the frrst type of interconnect described abave in section 2.3) requirc

more cornplex and expensive multi-clement lenses[31.32] due ta the large field of view

requiremcnts and low f/#s. The kcy point is that there is more fIexibility allowed in me

optical design because of the looser space constraints.

For examplc. the FET-SEED modulator windows were 25 IJ.rn x 25 IJ.m, and the

incident beams had a diameter of 2'\·o=13.3IJ.mC3wo=20IJ.m), which gave a divergence

angle (FWe-2M) of 29==2.32° (f/#= 12.5) in the far field. This high f/# allowed for easy

fabrication of high cfficicncy lcnslcts. Furthcrmore. the low divergence angle allowed for a

focallength of 6.5 mm. placing the microoptics far from the optoelectronics.
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2.4.2 Components

As shown in Figure 2.4. aIl the VCSEL-MSM optics. which consisted of [WU

lenses. a pair of Risley Beam Steerers and a 90/10 beamspliner were inserted ioto a tlangcd

barrel which was then attaehed to daughterboard clamps mounted on their respective

daughterboards. The barrel was 26.04 mm ± 20 J.I.Ill long and was made of black anodized

aluminium: the daughterboard spacing was 40 mm. The entire system was mounled in a

standard 482.6 mm (19") 6U VME chassis. Mounting everything in a straightforward

barrel was possible for this two-stage system beeause there is no OPS in an emitter-hased

system.

Most aggressive modulator-based FSOIs have used sloued baseplate approaches:

relay components such as lenses and OPS components such as fan out gratings arc

mounted into circular magnetic steel ceUs which are placed on sloned baseplates. To hold

the components in place. magnetic steel bars are bolted to the bottom of the slots and

magnets are placed on the bars. The magnets then hold the magnetic steel eeUs securely in

place. The FET-SEED system is a typical example. shown in Figure 2.3. Other techniques

also use guide frame assemhlics for a sturdier support of system optics [22.49].

While at frrst glance the simplicity of the VCSEL-MSM system might seem to he an

overwhelming advantage for emitter-hased systems. the picture changes considerably for

systems with more than two stages. As ca be seen in Figure 2.2. both modulator and

emitter systems necd additional components such as beamsplitters to relay beams to the

next stage. The multi-stage modulator system is still more complex because of the

alignment of the OPS. but multi-stage emitters nonetheless have considcr..lb1c

complexity[24) as weil.

2.4.3 Alignment Tolerances

In the VCSEL-M5M ÎntercunnecL the lolereances were very loose. The spots

incident on the deteclurs werc nominally 5J.Ull wide and the detectors were 50f.U11 on a side.
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As a result. the lateraI alignment tolerance for <1 % loss was + 20J.tm in both x and y. and

the system z alignment (defocus) tolerance was 85fJll1. Rotational (9z ) and tilt (9:t.9 ... )

tolerance were both approximately 5°. Combinations of the above misalignments rcsulted in

more than 1% loss. As a result of these loose tolerances. the system could be adjusted hy

hand. although an imaging setup through the 90/10 beamsplitter was necessary in arder to

sec the detector windows on which the beams had to impinge. The corresponding

modulator tolerances were tighter. with only ± IJ.1.m in x-y lateral alignrnent tolerancc.

±25J..lm in z and 0.25° in tilt and rotation. but that is because the windows were

smaller[501. Bigger windows would have yielded tolerances comparable to those of the

VCSEL-MSM system.

The key num ber above is the tilt tolerance for the emitter. As can be secn in Figure

2.6. a beam incident on a modulator plane is reflected at an angle of 213 for a plane tilt of J3

whereas an emitter on the same plane would emit light with an angle of only J3. As such.

for athcrwise equivalent systems. eminer tilt tolerances are twice as loose as those for

modulators.

-~

a) b)

•

Figure 2.6: Impact of device plane tilt on angle of outgoing beam a)

modulator h) emitter

2.4.4 Diagnostic

In order to assemhle and align a system. the builders must have information about

iLS CUITent alignrncnt status. The most common approach to gaining this information is to
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build an imaging system to image up the optical beams and their intended targets. These are

shown in Figure 2.3 and Figure 2.4 for bath respective systems. Although versatile and

weIl engineered "periscope" imaging systems can he built to image hard-to-reach planes in

an FSOr [31]~ imaging systems are generally unwieldy and bulky. For both systems. the

imaging system is comparable in size to the actual FSOL Even ifdiagnostic systems are not

a permanent flXture and cao he removed after assembly and diagnostic. FSOI systems must

still leave room for diagnostic systems y reducing overall system density. TypicaI images

obtained from an imaging system are shown in Figure 2.7.

(a) (b)

•

Figure 2.7: Pictures of the illuminated MSMs in VCSEL-MSM system a)

before drift-vibration test b) after test, three weeks later

After asscmbly. the VCSEL-MSM system was put through a vibration test in which

it was exposcd to a cooling fan for threc wceks. As can he seen in the beforc and aftcr

views. the spots on the dctcctors did not movc to within 2J.lm. which is thc width of the

MSM fingers-a convcnienl mctric. The spots did not move afler 30 consecutivc inscrtions

and extractions of the mothcrboards in the chassis. This characterization result is typicai of

those obtaincd using imaging systcms: alignrnem measurements were obtained visually.

and features on the chip werc uscd to cstimate quantitative values.
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As shown above~ using lenslets generally produces more cumpact systems. but

imaging and alignment diagnostic are considerably more difficulL Much more rime was

spent aligning the FET-SEED system than the VCSEL-MSM system. in pan becausc the

imagingldiagnostic system for relaying the device image to the camera was much more

elaborate. As was the case for the FET-SEED system. an imaging system for lenslet-based

interconnects often must he of a hybrid nature~ with lenslets and macrolenses needed to

relay the image away from the main link and toward the camera. Since me main link

consists of intricate and compact components whicll are carefully aligned. assembled. and

interlocked. it is difficult ta design optomechanics which can accept and align an

insertable/removable hybrid imaging relaYe Often. the designer is left in the untenablc

situation of having to build a diagnostic system for the diagnostic system.

As a result. given their complex nature yet vital role. alignment diagnostic systems

are a very imponant field of research for FSOIs: two chapters of this thesis will be

dedicated ta the development of diagnostic systems that can generate useful alignrncnt

information while consuming minimal resources.

Modulator systems need more elaborate diagnostic systems since often the

modulator plane and the deleclor plane must he monitored at the same Lime whercas only

the detector plane necd be monitored carefully for emitter systems.

2.4.5 Further Deviee Comments

Finally. it should be noted that modulators and emitters may be either one-sided or

two-sided. the diffcrence heing whcther the beams enter and leave from the same side of

the optoeleclfonic dcvicc substratc (onc-sided) or enter and leave from differcnt sides.

implying sorne form of through-the-substrale communication (twa-sidcd). Most devicc

technologies arc onc-sidcd. for rcasons including enhanced contrast ratio. case of device

fabrication. and more cffccùve hcat sinking[511 .
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2.5 Environmental Issues

A realistic system must remain operational even when exposed to a harsh

environmenL Most electronic computing systems today are exposed to considerable thermal

cycling as weIl as to mechanical vibrations originating from sources such as cooling fans

blowing air and dust over components. As the power consumption of components

increases in the future (recal1 that CMOS power consumption is linearly proportional to

dock rate and transistor densities are constandy increasing). these environmental

considerations will becorne ever more important and FSOls will have to function effectivcly

in these environments if mey are to gain widespread acceptance. Moreover. diagnostic tools

to quantify the optical misalignments. if any. caused by vibrations, shock. and thennaI

cycling will have to he developed.

This section describes the impact of adverse environmental conditions on advanced

optical and electronic systems described in the literature and. more importantly. draws

conclusions from published results that must he considered when designing fSOIs. Key

conclusions will be shawn ta he the imponance of diagnostics and the need to weil

understand phenornena such as thermal expansion in order to design practical solutions

such as athermalization.

2.5.1 Vi bration Isolation and Compensation

Maintaining optical performance independent of extemal vibration cao be

accomplished by using passive mcans (isolation), active means (compensation). or both.

Currenùy. the most advanced vibration isolation and compensation systems cao be

round in Laser Interferometer Gravity wave Observatory (LIGO) experiments. One of the

most sophisticated LIGOs will dctect gravity waves causing a differential path length

diffcrence of 1 attornctre (1 O·IS m) ovcr an interferometer consisting of two orthogonal.

4km long interferomcter arms[52). These systems generally use multiple cascaded passive

vibration isolation systems consisting of metal springs and magnetic eddy CUITent
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dampeners in addition to active control loops using feedback and piezoelectric

actuators[53.54]. Extensive system characterization is performed in ail LIGOs. An

important lesson gained from studying such systems is the imponance of developing

effective measurement techniques to characterize the vibratory behaviour of optomechanical

systems. This lesson is particularly relevant to FSOIs such as back-planes which are

exposed to the vibrations of fans and shocks of component insertions and extractions. The

next chapter covers the development of a vibration characterization scheme for diagnostic of

a free-space backplane. Closely related to vibration compensation is the issue of adaptive

optics. most often used to eliminate atmospheric distortion in ground-based telescopes

[55]. While fascinating. very little of this is applicable to FSOIs.

Another technique for maintaining system operation in even the most difficult

environments is to assemble the system using extremely stiff cornponents ail fastened

LOgether with no movement allowed. For example. the Mars Observer Laser AItimeter

(MOLA) consisted of dozens of optical and optomechanical components. AIl the key

components were painstakingly adjusted on the ground and when the system was fmally

aligned. glue was poured over all the key components. ensuring nothing was disturbed

during the violent Iiftoff and trip to Mars[56]. 5tiffeners have also been used [0 eliminate

component movement in previous FSOI demonstrations [57) .For this technique ta work.

however. proper athermalization and material selection are paramaunL as the next

subsection indicatcs. This technique af gluing critical components once aligned was

im plernented in a system dernonstralor described in the next chapter.

Finally. simple solutions such as mounting a FSOI system in a chassis using 1.91

cm rubber sphcrcs have been implcrnented with success[22).

For the sake of comparison. a good hard disk drive today cao withstand a shock of

200 Gs while operating or 50n Gs whilc in storage. This corresponds to a drop of half a

metre onto a hard floor(58) .
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2.5.2 Thermal Elfects

Thennai effects affect optical packaging in two different ways. The first effecl.

which is indirec~ is the heat sinking required for optoelectronics which cao affect optical

packaging space constraints. The second impacL this one direct. is the effect of temperature

changes on the optical packaging and the optics.

2.5.2.1 Chip Thermal Control

Smart Pixel chips generate heaL which must be removed. A typical smart pbœl chip

consists of CMOS circuitry which provides the intelligence. and receivers and emitters or

modulators for the optÏcal IfO. This analysis assumes that attaching emitters to a chip is as

easyas anaching modulators. although this is not the case today. Assuming a chip in which

the intelligence consumes 5W and which requires 1000 optical If0 channels each running

al 622Mbitls, the total on-chip power would he approx.imately 5+2.4=7.4W for a

modulalor-based solution and 5+ 10=15W for the emitter solution. using typical values for

transceiver consumption for various technologies[ 15]. Removing mis heat requires heal

sinks. the size of which is a function of the required heat removal, air circulation and

system layouL Typical heat sinks for the heat dissipation values given above can have

dimensions of 63x80 x 26mm[59). Using the optomechanics themselves as a heat spreader

has been accomplishcd beforc [22.32] although this often only displaces the problem since.

as the subseclion bclow indicatcs. Ùlermal flow can aIso affect optical packaging

performance.

This discussion aIso indicates how ail opticai packaging issues are closely coupled.

For example. rcducing the Si7.c of rcquircd heat sinks ta laosen aptical packaging

conslraints can he accomplished by increasing fan speed, generally at the cast of higher

vibrations or vibration frcqucndcs doser to the rcsonant frequency of the system.

28



•

•

2.5.2.2 Athermalization of Optics and Optical Packaging

Temperature changes can bring about many changes in an optical interconnecl: 1)

the index of refraction. n~ of glass or plastic changes wim temperature. T. For example.

dnldT=1.7xl0-6. and -LOSxlO'6 for BK7 and acrylic respectively[60) 2) The size of a lens

cao increase with temperature, changing its surface curvature and as such its focal length 3)

the optomechanics can expand with temperature. changing the spacing of the components

4) expansion of the components within their retaining rings can bring about strain which. if

sufficiently large. can affect differently the ordinary and extraordinary indices of refraction.

leading to birefringence and changes in polarization.

A straightforward approach is to actively maintain the entice system al a constant

temperature. thus eliminating the problems. This approach has lcd to active cooling of

baseplares with water cxchangers. for example [31]. Another approach is to design the

system such that the different thermal effects act in opposing ways. canceling each other

out. A small design example illustrating one approach ta athermalization is useful: in

Figure 2.8. the lens must collimate the light From the source. which means the source

always must be at the lcns front focal plane. However. the lens focal length changes with

rem perature.

The focal length..t: of a thin lens is given by

(2)

where RI and R: arc the radii of curvalure of the lwo lens surfaces and the index of air is

assumed 1O he unily. Differentiating with respect to temperature and rearranging gives xr

the change in normalized focallcngth with tempcrature [60]:

•
dn 1dt - ndnair 1dt

n -1
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• where a g is the coefficient of thennal expansion of the glass (a~=7. LJ.1111Iml°C for BK7).

and dnaJdt =-0.964 . For BK7, xrO.98J..U111m1°C. Therefore. designing a spaccr made of

material having a coefficient of thermal expansion a =O.98J..1ll11m?C will ensure

aÙletmaIized proper collimation by keeping the correct distance between source and lens.

Figure 2.8: Example of athermalization a) at nominal temperature, T b) at

T +âT. spacer expands by as much as focal length increases.•

Source Spacer,

.....--f-.......~
(a)

Collirnated
Bearn

Source Spacer

JI

f+âf

(b)

Collimatcd
Beam

•

Other interesting arncrmalization soLutions may not even invoLve optomechanics.

For cxample. etehing diffractivc Icnses onto rcfractive lenses can effectively athennalize a

lens for a given wavelength over a given temperature range[6 Ll. Multiple lens systems can

also be athermalized using a combination of optical and optomechanical compensations

[62).

The lesson leamed from studying these solutions is that thermal effects are

unavoidahle but can he used lo advanlage: in the next chapter, a novel method for thermaJ-

load lens mounling is prescnlcd which exploits thermal effects lO simplify an

optomechanical dcsign.
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2.5.3 Other Environmental Effects

Dust is a major problem for FSOfs. It can accumulate on microoptics and sa black

channels or scatter light. If it lands on optoelectronics. it can affect their perfonnance and

potentially black device optical windows. For systems featuring removable components

such as backplanes. the problem is even worse as the system may not necessarily he

seaied. It should he noted that electronics has studied the problems for years since even

electfonic connectors are affccted by dust [631. The most common solution for overcoming:

irnproper contacts caused by dust is "wipe"[64]. This is a mechanism in whieh an

ove~hanging component in the female part of a connector robs against a connector pin Of

finger as il is inserted. The longer the wipe effect or the harder the wiping acùon. the less

dust is present and as such the better the contaCL The wiping cornes at a priee. howevcr.

Longer wipe (i.e. longer pins and mating cornponents) means higher inductance in the

connecter assembly [651 and high wipe increases the required insertion force. More

significanùy. at every insertion/extraction (lIE) cycle. srnall amounts of the expensive metal

coaùng on the pins and fingers get - not surprisingly - "wiped" off: this is a principal

reason why connectors have a limited numbcr of IlE cycles. For example. a typical thrce­

row gold-pinned backplane conncctor can only survive 200 IlE cycles[66J.

The implications are clcar: if c1ectronies already has considerable problems wiÙ1

dust. then opticai packaging designers have their work cut out for them. Morcovcr.

clectronic injection of signaIs iOlO an opticaI backplane. as is done in the demonstnlwr

system descrihcd in the ncxt chapter. is aIso suhject to dust problems.

HumidiLy aIso causes prllhlems. Rusl and bowing of printed circuit boards due to

high humidity alJ lcad 10 pOlCntiai problems. Finally. electromagnetic interference. while

incapable of affecting IighL beams. can affect the optoelecLronics. as was noùced in our labo

An interesting way tu hclp comhaL this would he to ground all metal optomechanics.

especially if the optuclectronics arc mountcd on or neac metaI barrels and slugs.

31



•

•

•

2.6 Fabrication Considerations

No discussion on optical packaging is complete without covering fabrication

aspects which must be considered at the design stage. WIûle many textbooks are available

for detailed discussions of general mechanical design principles [67.68] as well as for

optomechanical design in panicular7 [2-6] experience is the best teacher. Below is a

sampling of problems faced over the course of many optical backplane demonstraùons

which serves weIl to give an idea of fabrication challenges designers must overcomc.

• Making clamping points available

A workpiece must generally be c1amped down for machining~ and the design must

ensure clamping points for both initial fabrication and subsequent modifications.

The flanged barrel shown in Figure 2.4 is an insightful example. The flanged barrel

would have been very awkward ta hold during drilling of screw holes and milling of slots.

It was thus decided to perfonn the machining as shown in Figure 2.9. To obtain the

wor}..."iece shown~ a 33 mm diameter rad (the maximum outer diameter of the flanges) was

turned and bored as per design. However. the original rod was chosen to be 30 mm longer

man the 26 mm barrel length to faciJitate clamping for the drilling and miJling. As can he

seen. the jaws of the chuck can clamp the workpiece with ease. Only after these operations

had been performed was the 30 mm excess eut off.

This may have simplified clamping during fabrication. but when sorne holes and

slots had ta be reworked later. il was difficult to clamp the piece since c1amping points were

ahsent (thc extra 30 mm having been CUL ofO. Much Lime was lost for a simple pOSl­

production touch-up bccause clamping points wcrc no longer available.
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Figure 2.9: Barrel during machining held by three-jawed chuck

• Minimizing additional features

Every addiùonal feature on every piece must he jusùfied. Features added "jusl in

casc" often cause problems. espccially at interfaces. The following example is typical.

During system assembly. me Rislcy Bearn Steerers (RBSs) in the barrel of Figure

1.4 had ta he rotated about the opùcaI axis. Little hales were therefore drilled along the

outer circurnference of the cclls holding the RBSs:a small hand tool could then be inserted

into thesc holes to rotate the cclI. Il was originally thought that having more holes would

makc il easier to rolate the cclI sincc il would make more hales accessible to the uscr.

cspeciaIly sincc the ceU was localed in a barrel offcring limited access.

However. sorne holes caused many problems after the cell was anodized: at burrs

around sorne hales. therc was an accumulation of very hard anodized metal which

eventually scraped against the barrel in which the cell was inserted. causing considerable

damage. Reducing the nurnber of holcs to a more manageable value would have reduccd
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the probability of damage due to an improperly deburred hole or SIOL In facto it was parùy

due to this type of damage that the rework and reclamping mentioned above had to he

performed on the flanged barrel. These two exarnples funher serve to show how differenl

fabrication problems can affect and actually compound each other.

• Minimizing clamping operations

Every rime a piece is cIamped to or unclamped from a machine, the production

process is halted. Additionally. repeated clamping operations introduce repeatability errors

since the origin must be determined after every new clamping_ Clamping operations. while

unavoidable. should he minimized. An example of minimization is as follows.

A lot of five pieces called daughterboard holders - shown in Figure 2.10a- had to

he machined. Each individual piece required three clamping operations just for the holes

and slots: one for the features on the top. one for the bottom. and one for the side holes.

For the five piece IOL this would have required 15 clamping operations.

Figure 2. lOb shows a better design. In this case, aIl the operations on the top are

performed in just one clamping. and similarly for the bottom. The workpiece is then eut

and the side hales can he drilled on individual pieces. Total cast: 7 clamping operations.

The fabrication was accelerated and the functionality of the finished pieces was unchanged.
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Figure 2.tO: Drawing for daughterboard holders a) inefficient design b)

more efficient (fewer clamping operations)
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2.7 Integration Hierarchy

In order to better organize aIl the above characterisùcs and issues of interest. an

opùcal packaging hierarchy analogous to the electronic packaging hierarchy can he adopted.

Three levels are defined in this hierarchy, shown in Figure 2.ll.

The third Leve1 is the overall system with chassis-to-chassis links. the most

established level. This is mostly accomplished by fibre links. Considerable research into

packaging of I-D fibre arrays for medium hau! (one to severa! hundreds of mettes) has

already taken place[69. 70, 711 and severa! products such as MotorolaTs Optobusnr and

HP's PoloThi are on the market.

The second level is the chassis itself, with its stage·to-stage links for distances of

up to 50 centimetres (the term module, defined below, could also be used instead of stageL

The numerous FSOI demonstrator systems described in the references above [25-341 have

implemented this leveI whereas fibre links have not yet convincingly demonstrated thal they

can deliver data over cenùmetre-scale distances in ways that are compeùtive with either

electricaI links or FSOIs. Typical examples of second level interconnects are the tradiùonai

barrel with lenses and prisms in the VCSEL-M5M system above.

The first level is the module level itself. A module is an optoelectronic device array

inregrated with its opticai packaging support structure. often with microoptic components

attached and aligncd with respect to the device array. A module can represent an entily such

as an MCM port or backplanc port or switching node. Most recent demonstrated systems

have tended in lhis direcùon of having sophisticated optical packaging for the device. This

can take the forro of slugs[311. highly-cnginecred mounts and flexible boards within a

frame assembly[221. and integr.ltcd microopùcs. among others.
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Figure 2.11: Optical packaging hierarchy

Firsl Icvcl packaging integr.ltion of microoptics and optocleclronics is particularly

promising since il offers Lrcmcndous advantages in tenns of reduced size and loosened

alignrnent tolerance in "upstrcam" pans of intcrconnect A few calculations at this point are

•
appropriate. The following assumptions arc made: the beams al the lenslel array have a

Gaussian irradiancc distribution with diamcter 3wL=125 J,Lm y the lenslet focal length is

~=l mm. the SpOl size al the delcclor is 3"·o=20J,Lffi and the detector windows are 25 !J.rn x
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integrated
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Figure 2.12: Packaging of lever 1 a) microoptics not integrated to

optoelectronics b) microoptics integrated

Now. when the system is built and a chip is inserted (or if for sorne reason the

level 1 package has ta he replaced because of a failure or for an upgrade)7 it is much easier

ta insen and align an integrated optoelectronicllenslet package into the system than il is to

insert and align just the chip. The graph in Figure 2.13 demonstrates this. In Figure 2. 13a.

the normalized coupling efficiency vs the lateral (x or y direction) misalignment of the level

1 package is plotted. For the integrated lensleu'optoelectfonics option. a 25IJ.m error still

gives a 95% coupling efficiency whereas for the stand alone optoelectronics. coupling

efficiency approaches zero (diffractive effects descrihed in chapter 5 slightly change this but

the conclusion still holds). Similarly for defocus (z misalignment) in (b). a 400j..lm

•

misalignment will give near 1009(- efficiency for the integrated solution whereas the stand

alone solution will have barely over 70G]é efficiency. Rotation (9z) cao he represented as a

lateraI error varying over the array. On the other hand. as far as tilt (Ox.Sy) of the

incomingbeam relative (0 the lcvcl 1 module is concemed. Figure 2. 14 indicates that the

less integrated solution (Figure 2.12a) may seem advantageous since the integrated lenslet

changes the angle into a lalCr~ ereor of LUc=fJ1tan6y at the deteetor: the efficiency is then
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similar to the one indicated by the dashed line in Figure 2.13a with fJltan8\o replacing ~x':.

However, the converse is aIso true: a weil fabricated module with no lateraI errar between

the lenslet axis and centre of emitter will produce beams with no tilt at the stan of the link.

(Obviously tilt could he introduced elsewhere in the link, but at least the integrated option

would make it simple to ensure that the beams started straight). The net result is a clear

loosening of four critical degrees of freedom, namely x,y.z and az, and jusl a modest

tightening in the remaining two degrees. This conclusion has been known for sorne time

and has served ta justify research into integrated lensletldevice packaging[72. 73] .

Clearly, this will only make econamic sense if the lenslets are cheap and cao he

thrown away with the old chip and if the lensletldevice prealignment can he perfarmed

cheaply in a controlled environment. These are legitirnate assumpùons since lenslets can be

made cheap and breaking down a problem iota small-sized challenges is proper engineering

practice anyway. Moreover. if rapid or even field replaceability is an issue. then the

reinsenion of the integrated module will Lake less lime, costing much less in the field and

exposing the system to less dust and fewer other hazards outlined above. For this technique

ta be optimaL however. non-intrusive aligoment diagnostics will still he necessary since

these will abviate the need LO open up even more of the system ta mount an

imaging/diagnostic system and will further reduce replacement time. This example thus

givcs the rationale for chapters 4.5. and 6 in this thesis: the development of non-intrusive

in-situ diagnostic techniques tu save time and money during assembly and repaira and the

dcveloprncnt of techniques simplifying me fabrication of inlegrated lensletJdevice packages

to further save lime and moncy.
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Figure 2.14: Effect of tilt of integrated package on alignment tolerance a)

ideal b) tilt creates a lateral alignment error at the detector

A final comment on optical packaging concems active alignmenL Systems featuring

active alignment. which involves a closed-Ioop feedhack mechanism to monitor an

alignment error and move components to correct the error, have been demonstrated before

[74.75]. Unfonunately. these involve moving mechanical parts and it is hard to imagine

thaL customers will accept the implications on system reliability of having dozens of moving

pans to keep a real system functionaL As such. active alignmenL while interesting ta study.

dues not yet seem LO he a viable solution for FSOls in computing systems unless practical.

non-mechanical rneans such as piezoelectric actuators, which use crystal relaxation as a

moving mechanism. arc further devcloped on a large scale. Piezos. while successfully used

in big adaptive telescopes. unfortunately offer very little travel per unit length of piezo-

0.1~ is a typical strain[76) (i.e. IJJ.m movement per 1 mm thickness of crystal). This

rnakes for very large piezo SLacks for evcn modest alignment corrections. The bes1 way [0

increase their 1r.lvcl is 10 use rnechanicallevcr.lgc. which once again hrings up the question

of mechanical rc1iabilily. Moreovcr. an important obstacle is the large voltage required to

run them: very often the hcavy-du1Y clcctrical connector designed to handle the -100 Volts

(admittedly al a very Inw CUITent) fed tn the crystal is actually bigger than the already big

piezo stack structure ÎlSclf. Techniques with non-moving parts using electrically-controlled
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refractive index materials look promising but they are expensive and still need development

[77] .

2.8 Conclusion

This review brought up Many issues that must he considered by optical packaging

engineers: optical design. device technology. environmentaI factors~ and fabrication

concerns. These issues have led optical packaging engineers ta adapt a packaging hierarchy

to simplify design and fabrication. Moreover~ the review indicated that much work remains

to be accomplished in the fields of optieaI paekaging diagnostics and further eomponenl

integration, which are the basic thrusts of this thesis.
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3.1 Introduction

The previous chapter indicated that past FSOI demonstration systems have already

implemented sophisticated optical packaging techniques. However. it was also shown that

severa! challenges in optical packaging still must he overcome in order for FSOIs tu gain

widespread acceptance in industry. Key among those challenges are a better understanding

of fabrication issues and the development of better diagnostics tools to measure the effecl of

environmental disturbances such as vibrations. Moreover. it was shown that a thorough

understanding of problems brought about by phenomena such as thermal cycling could lcad

Lü elegant designs. reducing overall engineering complexity. The insight gained from the

literature search and the work described in chapter 2 was used in the design of a very

aggressive optical packaging scheme for a free-space optical backplane demonstrator.

This chapter analyzes the design. fabrication and characterization of the optical

packaging of a four-stage hybrid bulk-Ienslet free-space optical backplane demonstrator

system. The system implemented. in a unidirectional ring. the optical interconnection of

four hybrid-SEED smart pixel arrays. A hybrid combination of microchannel relays and

conventional (hulk) rclay lenscs wcre used to interconnect the smart pixel arrays. This

system built on cxpcricncc acquircd in pn:vious dcmonstrator systems and introduccs

severa! n<.lveI features such as vcnical mounting of the haseplate and installation of the

system in a standard backplane chassis. Moreover. this chapter will also describc the

design and implcmcntation of a diagnostic system for evaluating the effect of vibrations on

opticaJ packaging pcrfonnance as weil as a noveI lens-mounting tcchni4ue which uses

radial thermal-Ioading to secure a lens in place.
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This chapter is structured as follows. Section 3.2 overviews key system aspects.

Section 3.3 examines the bulk relay and the baseplate. followed by other modules in

section 3.4. Section 3.5 explores the key issue of interfacing optoelectronics to

optomechanics by the use of a daughterboard. Section 3.6 describes a setup used to

measure the performance of the daughterboard mouoting technique. Section 3.7 gives

experimental results and a conclusion foUows.

3.2 System Overview

The optical backplane was designed to implement a ring optical interconnection of

four optoelectronic chips[ 1.2]. with each chip having 16 channels modulated at a maximum

rate of 50 MHz. As a result. the peak theoretical bi-section bandwidth of this demonstrator

system was about 1.6 Gbitlsec- comparable ta middle-of-the-line backplanes available

today[3]. although the optical system is scaIable to much higher values.

The principal optical packaging and optomechanical objective was to interconnect

optically four printed circuit boards within a standard 482.6 mm (19") 6U VME [3)

commercial bad~.lllane chassis. Fitting the system into the 6U chassis was a self-imposed

design guideline to make the system mechanically compatible with many systems found in

the field today. The objective was aIso to separate the optics from the electronics so that.

eventually. a user inscning a 6U circuit board iOlO the backplane would see a conventionaI

VME backplane environment - from a mechanical and electricaI OC power perspective ­

while accessing the trernendous bandwidth offered by the free-space opticaI interconnecl.

[n this system. this was accomplishcd by using daughtcrboards and motherboards. The

Hybrid-SEED 0ploclectronic chips[21 were glucd and wirebanded to the daughterboards

residing in the opticaI layer: the daughterboards wcre then linked ta the matherboards via a

short. impedance-matched high speed ribbon cable. As demonstrated previously [4). this

technique for injecting clectrical data from the motherboard iOlo the apücal backplane

allowed for mechanicaJ decllupling betwecn daughterboard and motherbaard while
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maintaining full electrical integrity between the two. provided the cable was short enough:

an 8 cm length (-3") was sufficient for the expected 50 MHz maximum dock speed.

according to commonly used criteria for transmission line integrity[5]. This example

demonstrates a typical trade-off between electrical and optical packaging constraints: a

slightly longer cable simplifies optical packaging. but a slightly shorter one increases

electricaI throughpuL

System scalability was aIso a key goaL The demonstrated system occupied

approximately the top half of the 6U chassis (which could therefore allow an identical

system to occupY the bottom halO and featured expansion slots for interconnection of more

boards if so desired.

A simplified assembly drawing of me system is shown in Figure 3.1. The system

optical packaging had to accomplish the following tasks: 1) mechanically support the optics

while respecting aIl tolerances demanded by the optical design 2) support me packaged

optoelectronics and interface thcm to the rest of the interconnec(. 3) act as an interface

between a commercially available decu-onie chassis and Ùle rest of the system. and 4)

integrate diagnostic optics and electronics for alignment and system characterization. The

system as a whole had to he rugged. seaJeable and easily assembled. The optomechanics

were modularized as much as possible in order to facilitate assembly and alignmenL

A key featurc of this system was its three-dimensional nature: in order to facilitate

me discussions in this chapter. it is neccssary to derme a frame of reference. which is

shown at the boltom of Figure 3. 1. As eao he seen. in this system the main relays bascd on

bulk (conventiona1) opties implementing the optical ring were in an xy plane. However. the

Optical Powcr Supplies (OPSs). which illuminalC the modulator chips with an array of

continuous wave (CW) power heams. as weil as other relays sueh as me microchannels.

were parallel to the z axis. Rotational directions are aIso defined. For example. 8" is the

angle of rotation ahout the y axis. Figure 3.2 shows a photo of the system.

53



•

•

• Figure 3.1: Simplified system assembly drawing

54



•

•

•

Figure 3.2: Picture of the system mounted in a standard 43t mm (t''') wide

6U Vl\IE chassis

3.2.t Overvie'" of the Optical System

A brief overvicw of the optical layout is now presented. Figure 3.3 shows an

unfolded view of the overaIl four-stage system. with one of the four (OPS) modules

explicitly drawn. This unfolded vicw of the 3D system is slightly mislcading sincc ilie

OPSs actually should he coming into the plane of the paper and me daughterboards should

he parallel tn the plane of the paper. nnt perpendicular as is implied in the unfolded view.
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Figure 3.3: Unfolded system opticallayout

A close-up of a hybrid stage-tu-stage relay is shown in Figure 3.4. Gaussian bcam

•
propagation models wcrc uscd in the design of the system. At each stage. lenslets wcrc

close to the smart pixel devices in arder to collect the beams and reduce their numericaI

aperture. and bulk (convcntional) lenscs [61 rclayed the beamlets from one stage to anothcr.
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The lenslets reduced the numerical apenure of the beams relayed by the bulk lenscs ln

below 0.025. AIl lenslets were 125xl25 fJlD 8-level diffractive structures with a focal

length of ffJ.=768 J..Utl at À.=850 om. Lenslet Anay 1 (LAt) consisted of altemating 1x8

lenslet strips and pixellated mirror strips 123 J..lrn wide x 1 mm high. LA: consisted of an

8x8 array of lenslets. These are shown in Figure 3.5. Addiûonal features for alignment

diagnostic were placed around the periphery of the arrays: these will he described in the

next chapter.

The fibre-connected OPS generated a 4x8 anay of right-handed circularly polarized

CW beamlets al the power array plane which was relayed by LAt and LA: ta the smart

pixel. The beamlets were then modulated by the chip~ relayed through LA: and irnaged by

the bulk relay to stage 2. At stage 2. the beamlets were reflected by the Polarizing Bearn

Splitter. then reflected off the pixellated mirror on LAt. and fmally were imaged onlo the

rcceiver on board 2 via LA:< The polarization components. namely the Quarter Wave Plates

(QWP) and the Polarization Bearn Splitter were used for beam combinaûons as discussed

in ref [7]. The optical microlens relay was designed ta relay the beams using the maximum

Iens-to-waist configuration [8]. Tilt plates and Risley Bearn Steerers (RBSs) were included

for alignment purposes. The dimension of the array of beamlets was nominally 1.2mm x

l.2mm.
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Figure 3.5: Lenslet array schematic a) Lenslet array # 1 b) Lenslet array # 2

Space constraints were such that the aperture stop for the bulk interconnect lay

between the PBS/QWP assembly and the Risley Bearn Steerers (RBSs). at the enttance to

the lenslet barrel (described below). This stop was 4.10 mm in diameter. To a frrst order~

mis left a -500J.1m clearance between the edge of the outennost beamlet and the stop. As a

result. any offset greater than SOOJ.1m on the bulk interconnect would lead to considerable

clipping of the oulermost beamlet. However. as will he shown larer. the alignment budget

allowed only a smalIcr misalignrncnl of 220 J.1ffi at the pixellated mirrors. since this was the

maximum traveillf lhe tilt plates.

This chapler will nol present a dctailed analysis of the opticaJ system. However.

thcœ were severJ.1 critical and extremely tight optomechanical alignmenl tolerances which

influcnccd much of the design and which muSl he given here. These tighl lolerances were

driven by the extrcmcly small sizc of the multiple quantum weIl (MQW) windows which all

heams had to hit. The MQW windows wcrc 20J.1m x 2ÜJlm [2] and the beams incident upon

them had a nominal diamelcr (99~ cncircled power) of 19.5 Jlm. This imposed extremely

ùght tolerances which arc givcn in Table 1. Among other lolerances givcn. Table 1 indicates

that the lateral (x-y) aJignment error between the microlens array and the smart pixel device
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array had to be < IJ.1m in arder ta lose less than 1~ optical power due to misalignmenL.

Other demanding tolerances were the lenslet-to-Ienslet alignment tolerances . key values of

which are given in Table II.

As can he seen. the bulk interconnect tolerances (-220J..lffi) were much looser than

the lenslet-device tolerances (- llJ.m) or the lenslet-to-Ienslet tolerances (-5J.11ll).

Degree of freedom Board position and Board position Board position after

tolerance to he met before gluing eluïne- -
.1X(J.1IIl) O±I O±" 3.')+3

dy(J.1IIl) O±I 0±2 -"+3

z)(J.J.Il1) 886±l5 887±15 875±l5

tilt tJJt(deg.) O±O.S O.O6±O.1 O.S5±O.27

tilt tJy( deg.) O±O.S O.04±O.1 O.18±O.14

Table 1: Positioning tolerances of die on daughterboard relative to optics.
Columns respectively indicate a) target value b) measurement
immediately before gluing, c) the final position after gluing to
optomechanics and stage removal; LU and L\y were measured 9
weeks after gluing: other values were measured 4 days after.

Degree of Freedom Position and toler.mce to be met

Lenslct array # 1 to # 2 (x.y) O±5J.1rn

Zl 922 ± 15 IJ.m

z. 6.98 ± O.lS mm

Table Il: Tolerances for lenslet-to-Ienslet alignment as imposed by the

optical design: z. and Z2 are as defined in Figure 3.4.
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3.3 Baseplate and Bulk Relay

3.3.1 Baseplate Description

The baseplate was the central piece of the optomechanics and acted as the suppon

structure for the entire optical/optomechanicallayer. AIl other optical and optical packaging

components were either attached to the baseplate or locked into barrels attached ta the

baseplate.

The baseplate~a simplified schematic of which is shawn in Figure 3.6. was 43l.8

mm (17") long (the inside of the standard VME rack is 50.8 mm shorter than the outside

because of mounting tlanges). was mounted vertically into the chassis. and was bolted lo

the side panels of the chassis.

Previous free-space opticaJ switehing demonstrator systems used aluminum or steel

for baseplates. but it was determined that neither of these materials was suitable for

production [9]. The baseplate for this system was made of Magnesium AZ31B: the main

rcason for choosing this mclal was ilS ease of machinability, its lightness. and its low

residual stress which minimizes the need for stress relief when compared ta other metals

[1 O}. This type of metal has already been used in applications such as lens mounting[ Il}. [t

is interesting to note mat Mg is softer than other frequenùy used materials: the Brinell

Hardness Nurnber (BHN) of Mg is 82 compared to 95 for Al 6061-T6 or -200 for 1080

steel (depending on drawing and other processes). This softness makes Mg easier ta

machine bUl more easily dented[ 12. 131. which prompted the use of rods for mounting bulk

optics (describcd bduw).

The main outer barrels. each one containing an OPS and a microlens relay. fit inlo

the holes labeled 'L'. which wen: 30 mm in diameter. Of these six hales. four were used in

the actual system (the unes al x=75 and x=215mm): two others (at x=355 mm) were kCpl

for future system expansion.
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Many holes and slots were included for diagnostic. assembly. and alignment

purposes. Additionally. magnets were glued into holes machined al Ùle back of the

baseplate. serving to keep the bulk mounting rods (described below) in place on the vertical

baseplate during assembly until bulk components were bolted onto the rads.

3.3.2 Baseplate Machining and Characterization

The machining of the baseplate was perfonned as follows. The magnesium plate

from which the baseplate was machined was clamped to Ûle apron of a Bridgeport DRe

600 milling machine and the three 9 mm deep main cuts in the y direction were made: thcsc

are the cuts which most affect the baseplate bow in 8y' Most of the smaller clearance slots

for the bulk barrel screws were also machined at this time. A fly cutter finish (cutter tuming

at 1200 RPM. [eed rate 152 mm /minute, cut depth 125 ,..un) ensured a smooth surface for

subsequent flatness measuremenLS.

The flatness of the baseplate was measured in the main slots (along the x direction)

along the 2 lines AA' and CC' as shown in Figure 3.6. To perform these measurements.

the baseplate was rested on a granite measuring slab and a level indicator was passed along

the botlom of the slots approximately at the place where the rods holding the bulk barrels

made contact with the bottom of Ûle sial. The maximum deviation was -125 J..lrn from one

end of the baseplate to the other. and was considerably less (35Ilm) over the stretch

(approx. 50<x<275 mm) where the bulk relay actually resided. The use of rads (described

hdow) for bulk mounting funher helpcd reduce the effect of baseplate irregularities on the

optical axis by aver~ging out surface irrcgularities. The repeatability of the flatness

measuremcnts was hctter than 10 J.l.m. These flatness values were weIl within the overalI

bulk interconnecl alignmenllolcrmce budgeL Improving the flatness in the future could he

accomplished eithcr hy anncaling or. evcn hcttcr. by reducing the number of big holes and

sIots in the baseplate since machining additionaJ features usually releases stress, causmg

still more bow.
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slots

the baseplate b) Surface profile of baseplate along

3.3 Bulk Barrel Assembly

The bulk lcnses. Risley Bearn Steerers (RBSs) and tilt plates were mounted inLO

thcir respective holdcrs. Afterwards. as can be secn from the assembly drawing (Figure

•

3.1). the mountcd bulk lens and a pair of mounted steering elements (either a pair of Risley

Bearn Steerers or a pair of tilt plates). respcctivcly labeled components 13 and 14 in Figure

3.1. were inserted into a modular bulk barrel (component (2). This bulk barrel was then

bolted to the baseplatc. No deformation of the barrel was obselVed.
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3.3.1 Thermal Effects in Bulk Relay Lens 100er Mounting

AIthough many techniques exist for mounting lenses into cells [14]. nonc of thesc

techniques left enough room to fit the bulk lenses and the steering elements (either Rislcy

Bearn Steerers or tilt plates) between the bulk turning mirror and the daughterboard. It was

thus decided to forego any retaining ring and instead hold the lenses in their ceUs using the

force of an interference fit between the outer diameter of the lenses. OD[E'o,"S • and thc inner

diarneter of the ceUs. IDCELL, as shown in Figure 3.7. In other words. ODu:xs - IDCElL = 1.

where 1 is a positive number called the interference. Interference fits are frequently used in

industry to maintain a constant bore pressure in holelshaft assemblies: in these fits. thc

difference between minimum and maximum values in the machining tolernnces is kcpt

small [12] .

~8.6mm

~ IDCELL

f1S0DLENS J
Figure 3.7: Bulk lellS and holder used for the FNI interference-fit lens

holder. For an interference fit, OOLE.'lS > IDeELLe
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The ODŒSs of me eight bulk relay lenses in the system were measured to be

between 12.468 and 12.479 mm (±2.5 JJ.m).

The use of interference fits posed severa! design challenges. mostly related lo

thermal issues. The tlfst challenge was assembLy. In order to first put the lens into the celI.

the easiest way was to heat me eeU (but not the lens) to make il expand. then insert me lens.

As the cell cooled and shrank. the lens was held snugly.

Another challenge was choice of materiaL The materia! chosen for the eeU ended up

being Delrin [15.16]. ILS main drawback. namely a high Coefficient of Thermal Expansion

CTEoEL=97 ppm?C \Vas compensated by its low cost. immediate availability. ease of

maehining. and low Young's Modulus (in bath compression and tension) of EnEL=2.76

GPa which reduced the stress due 10 thermal mismatch. In comparison. the numbers for the

glass of the lens were similar to those of BK7: ~ESs=7.1 ppmf'C and ~E."S = 81 GPa.

Using an interference fit with twa such thennally rnismatched materials can cause t\Vo main

problems: 1) as the temperature. T. increases. the interference. t decreases. Eventually. al

T faJ1 • the lens can simply faIl out. 2) as T decreases. l increases. causing severe mdial

stress. This can lead lo birefringence and possibly damage the celI or lens or both.

Machining one different ceU for each lens would have been prohibitively expensive.

50 one value of IDcEll . at 20°C. IDcau\I" was chosen for all ceUs. The basic criterion for

computing the nominal value of ID~!1was that al a maximum operating temperature. Tlm."

. the interfcrence should stilllead to an FN 1 interference fit ( 2.54 Jlffi < 1 < 20.3 Jlm) for

ail lenses. This fit. described as a "lighl drive fil" is used for permanent assemblies and

produces a light asscrnbly prcssureI12). T= was chosen to be 85°C. sincc this is the

maximum aIlowabk case tcmpemturc for a cornmercial-gràde Pentium Pro [17 J. The

reIationships for calculating the r.ldial stress in the lens. SRLESS' and in the eeU wall. SRCELL'

are rcspectively[ 14):
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llELENS + OOLENS/(2EDEL te)

S - OOLENS x SRLENS
RCELL -

te

[ 1]

[2]

•

•

where the celi wall thickness t,. is nominally 6.3 mm.

Given the above. IOcELUIl was calculated to he 12.397 mm and Figure 3.8 plots (a)

the stresses on the cell and lens and (b) Tfall as a function of OD~. The bands above and

below each solid line represenl the effect of a machining error of±12.7 Jlrn on the value of

IDCELL.:!O- Il can he seen that a smaller cell Ïnner diameter leads to a greater stress and to a

greater T fall • As a resulL in me worSl case combination of lens tolerances and celi inner

diameter tolerances. me interference can faIllo zero and me lens cao falI out of the holder at

72°C. At the other extreme worSl case. the radial stress in the œll can reach 38 kPa. which

15 slightly over half the 6R kPa nominal lensile strength of Delrin [151. In ail cases.

calculations [14] revealed thal the strcss-induced birefringence was negligible.

Birefringence. had il been presenl. would have affected the polarization of the transmitted

beams and increased polarizaùon losses al the next polarizing beamsplilter.
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Figure 3.8: a) Curve relating radial stress on components to lens outer

diameter b) Curve relating temperature at which lens rails out

to lens outer diameter

ExperimentaI validation was conducted on this technique. In me firsl experirncnl.

the lens was mounted using me technique dcscribed above. A beam was then passed

through ilie lens~ the ccli wiLh the lens in it was rotated. and the movcment of the spot

caused by the focuscd hcam was ohscrvcd in the focal plane. The spot traced out a circle

with a radius of 3.5 IJm (±IJ.lmL 5incc this passive mounting technique cannot correct for
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defects within the lens such as intrinsic wedge angle or centering af the lens optical a."Ù,s

with respect ta its mechanical axis. these have ta he added to obtain a true picwre of the

centering accuracy. For the current Lens. this cauld have added up ta LO J..I.m ta the radius of

the circle traced out by the spot [6]. Consequently. this is a cheap and rapid technique only

for gaod quality, well-centered lenses: as a result. this technique demonstrates that the cost

of Lens mounting cao he pushed back from the optomechanicaL assembler to the Lens and

ceU fabricators. In another experimenL a mounted lens with outer diameter ODLE"s=12.469

mm al 20°C was heated until the Lens feli out. The Lens did indeed falI out at TWl = 100 ± 10

oC. showing the technique warked as expected.

This mounting technique illustrates the compromises between ease of assembly.

operating temperature. material selection. and tolerances that must be cansidered when

designing and building optomechanical camponents.

3.3.2 Bulk Barrel Mounting

Once the bulk barrels were assembled. they had to be mounted onto the baseplate aI.

their proper position. As in other similar systems [ 18]. slats were eut into the baseplate and

the bulk barrels rested in these SloLS. However. given the vertical mounting and the rough

handling the system was expected lo receive in the chassis. the standard magnetic retaining

techniques used in many oilier digital free-space optical interconnect demonstrations [181

were rejected: instead. all bulk relay components (bulk barrels and mirrors) were bolLed

into the baseplalC. Furthermorc. the barrels were nol in direct contact with the edges of the

SIOLS. Inslcad. hard. prccision-ground stainless steel rads of 6 mm in diameter werc

insened inlo the siOLS and the componenLS reslCd on the rods. as shawn in Figure 3.9. Such

rods are cheap and rcadily available [19]. The outer diameter tolerance of the above rods

was = +0/-I0J..l.m and the oulCr diamcters of tlle machined outer barrel components were

rncasured lO have a deviation of± 10 J..I.m from their nominal 30 mm.
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baseplate

2'6 mm rod ---

optical
aXIS

bulk barrel
outer dia: 30 mm
ioner dia: 25 mm

Figure 3.9: Technique for mounting bulk intercoonect components ooto

vertical baseplate

Machining tolerances were me most important factor affecting the height of the

optical axis. Other physicai parameters were nonetheless studied as they gave insight into

the design. One of these parameters was the deformation of the barrels due to the holding

force exerted by the screws. Assuming the screw into the threaded hole in the barrel can he

modeled by a nut-holt fastcning. the holding force. P. exerted by the screw can be

estimated to he (20)

P=T/(KD) [31

•
For the 4-40 screw used. T is the installation torque (nominally 0.6 N·m for a 18-8

steel 4-40 screw). K is the torque coefficient (-0.15 for plated finish fasteners)~ and D is

the nominal screw diameter (2.79 mm for a 4-40 screw) [20). This yields P=1434 N

(M=1434N/9.8=146.3 kg).
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• This exerted force can damage the barrels~ the rods. the baseplate. or any

combination of these three by causing indentations in the material. The most critical

interface is between the barrel and the rods and the damage ta this interface can be estimarcd

as follows. By using Brinell Hardness Numbers (BHN)~ the surface area. A. of the

indentation into the barrel caused by the hard steel rads biting iota the barrel can he

appraximated as [21]

A= 0.5 x MlBHN [41

•

•

where the 0.5 factor is due ta the fact that each rad only exerts half of the force onto me

barrel.

Using BHN=95 [12] for the 6061-T6 aluminum used in the barrels, A should be

0.5*146.3/95=0.77 mm:. Further geometricaI analysis indicates that far a line contact of 13

mm (the length of the barrel). and a rad diameter of 6 mm, the drop in the height of the

optical axis due ta the indentations is of the order of one micron. which is less than me

machining error. This was further reduced by anadizing the barrels: the anodization

increased the hardness of the barrels. thus reducing the indentation in the barrel to

negligible levels.

To summanze. the consider..lhle forccs involved in bolting down the bulk barrels

onto the baseplate caused no significant damage to any componenL It will he seen below.

however. that the force involved in holting a daughterbaard to optomechanics caused

significant prohlems. Other forces. such as the force cxerted between the baseplate and the

rads were spread over the length of the rods and as such could he neglccted.

3.3.4 Bulk Turning Mirror Alignment

The opticaJ system was a c1osed-loop ring system. As such, tuming mirrors had to

he installed at the four corners of the opticaJ system in arder to close tbis loop. Since errors
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in the mirror alignment could only he corrected by the bulk RBSs and tilt plates which had

respectivelya wedge angle of 1° and a tilt angle of 10°. it was imperative that the mirrors be

aligned as carefully as possible in order to reduce the travel requirements of the steering

optics. Additionally~ the mirrors had to he arranged so as to eliminate rotation of the ID

array ofbeams[22].

ln the overall system assembly sequence~one of the first steps was the mounting of

me bulk tuming mirrors onto the baseplate. as outlined in Figure 3.10. This section

describes the process.
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Figure 3.10: Setup for mounting and aligning bulk turning mirrors on

baseplate
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The alignment of the 4 mirrors into a loop presented a cenain problem. ln a system

such as this one, the slots in the baseplate can be used to locale the optical axis as it goes

through four 9()0 turns in the laop. Apenures placed along the slots or alang mechanical

extensions of the slots can be used to defme me optical axis; me fanher the apenures are

from each other (i.e. the greater the lever arm) me better me optical axis can he defined.

Before starting, all the mirrors were glued to their holders which allowed for two degrees

of freedom in tilt and rotation.

It is therefore possible ta align mirrors by launching a reference beam known to he

on axis and monitoring the reflected heam on an apenure far from the baseplate. However.

this only works for the first three mirrors; placing the fourth mirror will close the loop and

no lever arm longer than the baseplate cao he used. In order to avoid this problem. a

technique involving a peUicle was used.

With no mirrors on the baseplate. a reference beam was launched down the barrel

of the pellicle holder al the end of which was flXed a 70/30 (transmissive/reflective) pellicle•

as shown in Figure 3.10. 70Gk of the beam went through (beam T) and 30 %: was reflected

toward position 1. Using custom alignment apenures on the baseplate and along the optical

bench. the pellicle holder and incoming beam were adjusted until they delivered a beam thaL

was coaxial with the opùcal axis on the baseplate. The beam was parallel to the ideal bulk

0pLical axis to within a few minutes and was less than 50 J.1m off the axis. Afterwards. bulk

luming mirror 1 in ilS holder was installed. After adjusting it so that the retlected optical

bcarn going toward position 2 was again par~lel 10 and on the axis. mirror holder 1 was

boIted. This procedure was rcpcaled for mirrors 2 and 3. For the fmal mirror holder (#4).

the reflecLed beam RI was observed and the mirror holder was adjusted sa as ta minimize

angle ~: mirror holder 4 was then bolted. The pellicle thus brought the reference beam off

the baseplate and allowed for a lever ann lO improve the accuracy of the alignmenL

In Figure 3.lla. spots resulling from beams T, Rl , ~, R3 ••• being projected onlo

a screen 3 metres from the baseplate cao he seen. This large (3m) distance allows for a
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lever effect to magnify the error in fi. To obtain this picture. mirror 4 was deliberately

misaligned: the actual aIignmen~ which was much tighter (fi<O.OSO). was similar to that

shown in Figure 3.IIb. This misalignment was sufficiendy small for eventual correction

by the bulk Risley Bearn Steerers and tilt plates.

..~.

T.RI.R2·R3.···

Figure 3.11: Results of bulk tuming mirror alignment a) Mirror 4 greatly

misaligned b) Mirror 4 at optimum alignment

3.4 Other Modules

This section cavers the optamechanics associated with other key modules and

concludes with a frrst order alignment tolerancing analysis.

3.4.1 Lensletlbeamsplitter Barrel

A simplified drawing of me Lensletlbearnspliner barrel is shown in Figure 3.12a.

Ta assemble the unit~ first me Polarizing Bearn Splitter wim me Quarter Wave Plates

rnounted anta it (PBS/QWP) was aligned and glued inside the slot as shown in Figure

3.12b. With a custom setup. the PBS was glued such mat its front face was normal ta the

incident optical axis ta wimin 9\"d).05°. The lenslets were then glued ta the faces of the

barrel. as shawn in Figure 3. 12e. The demanding lenslet-to-lenslet alignment tolerances in

X.y of Table il were met by building a separate prealignment and imaging rig. The

tolerances in me spacing <7.:=6.98 mm in Figure 3.4) between the lenslet arrays as weil as

the relative tilt {9~ and ev> betwœn the lenslet arrays were dictated by the machining

toleranees. which werc ±10 Jlm. in this case. These tolerances were weil within those
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demanded by the optical design. When the Lenslet/beamsplitter barrel assembly was

complete it was inserted into the outer barrel: these two components are respectively pieces

II and 10 in Figure 3.1.

The optical microlens relaY7 which was designed to relay the beams using the

maximum lens-to-waist configuration [8]7 also exhibited another interesting charncteristic:

letting Zz' (= 5.41 mm) he the optical distance between the actuallenslet arrays #1 and #2

and ~ (=886 J...lm) he the optical distance from lenslet array # 2 to the device plane. then

l/Zz'+I/~ = lIfJl' As a resul~ each lenslet on lenslet array # 2 imaged a part of the #1

substrate and relayed it ta the device plane. These relayed images. shawn in Figure 3.13

with back illumination. clearly indicate the strips of pixellated mirrors and lenslets on

lenslet array #1. In addition. the beamlets from the power array plane clearly appear as

bright spots coming from the lenslets. This qualitatively demonstrated that the lenslets were

properly aligned and was of great help during system alignmenL
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3.4.2 Optical Power Supply (OPS)

The optical power supply (OPS) contained lenses to collimate the output from the

fibre (one fibre per OPS), a multiple phase grating (MPG) as fan-out element (to produce a

4x8 array of spots and 8 additional alignment spots), a Fourier transfonn lens pair and

additional components for beam steering and polarization control. Each OPS barrel was 80

mm long. Each fully assembled OPS was prealigned separately and inserted into an outer

barrel assembly (respectively cornponents 8 and 10 in Figure 3.1). At the end of this

assembly sequence, therefore. each outer barrel assembly contained a Lensletlbeamspliner

barrel and an OPS. The outer barrels were then insened into the baseplate. A full analysis

of the OPS performance is given elsewhere [23}.

3.4.3 Bulk Interconnect Tolerancing

As shown in Figure 3.4. the bulk interconnect had to relay the beams emerging

from stage l onto the pixellated mirror of stage 2. The two bulk: tilt plates, each 1.5 mm

thick SFIO (n=1.7 1) at 10° tilt. could each move the beam anay by approximately 110 J.UTl

at the pixellated mirror. By rotating the tilt plates such that their individual contributions

canceled. it was possible to move the imaged beam array by 0 Jlltl at the rnirror plane:

conversely. they could aIso be oriented such that they gave a total displacement of 220 JlIT1

at the pixellated rnirror.

An ideal system would require no correction due to misalignmenL In this non-idcaI

case, the foUowing factors mcntioned in the sections above contributed to misalignment

which had ln be corrected by the tilt plates: machining errors affecting the outer diameter of

bulk barrels and depth and width of the baseplaLC slols (-25 J.UTl): lens centering error

(-IO~m): rod deformation (-IOJlm): baseplate bow (-50J..Ull) errors in inserting the outer

barrels with the beamsplilters (-50 Jlm lotal) and aIignment errors in the bulk mirrors (-50

~m). To a first order approximation. this could have caused a total alignment error of 90
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J.Ul1 (in quadrature addition), in addition ta aberrations. This alignment error could easily he

corrected by the tilt plates.

3.5 Oaughterboard Mounting Techniques

Maunting the daughterboards to the aptomechanics was the most critical step since

it involved interfacing the optoelectronics to the optomechanics. This section describes the

various techniques implemented and the challenges which had ta be overcome.

3.5.1 Procedure

This operation. to he performed four times. once for each daughterbaard. was the

mast delicate of the entire assembly. The key components are outlined in Figure 3.14a and

b in a rear view and side view respectively. In short. the daughterboard was anached to an

interface piece called the daughterboard clamp which was bolted to the baseplate.

The optical design specified that Ùle smart pixel device plane be z3=886 ± 15 Jl.m

away from the microlens array and Ùlat the xy alignment error hetween lenslets and smart

pixel device windows be on the order of one Ilm, as shown in Table L These very tight

alignment tolerances were required to reduce loss of optical throughput due ta

daughterboard misalignment ta belaw 1o/C. Misalignments greater than those in Table 1 will

cause a lass greater than 1o/C .
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• Figure 3.14b: Mounting daughterboard to optomechanics: rear view
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Since there were very few optoelectronic chips or lenslets available.. il was decided

not to perfonn the step of gluing lenslet array #2 to the device packaging: rather. a four step

assembly sequence was implemented. With the daughterboard mounting clamp already

bolted to the baseplate" the objective was to align the daughterboard to the optomechanics

and fasten it to the daughterboard clamp_

First. the device die was mechanicallyaligned. glued ta the daughterboard to bener

than 150 J.1.rn of its nominal position [24]. and wirebonded. In the second step. light \Vas

launched into the OPS. The OPS Risley Bearn Steerers were aligned such thal the beams

went through the microchannel relay and onto the plane where the optoelectronic devices

were to be located.

In the third step. the daughterboard was coupled to a six degree-of-freedom (6­

DOA precision positioning system and aligned to the optical beams as follows. The

daughterboard was adjusted in œ. 8ec• and 8:; until a traveling microscope setup indicated

thal these lhree DOFs were within the desired tolerance. When these three tolerances were

achieved" lhree set screws ernerging from hales in the daughterboard clamp (the hales are

labeled 'G' in Figure 3.14) were adjusted such that the set screw tips just barely touched

the front of the board. These three screw tips thus defmed the proper plane of the

daughterboard relative to the optomechanics. As a result. during the rest of this step the

daughterboard never actually touched the clamp but rather rested and slid on three points

about a Millimetre in front of the clamp. The 8: accuracy then was verified using the

imaging system. Finally. the highest contrasl ratio of the modulated bearns could be used to

indicate the optimal xy alignmenl of the beams to the device windows.

In the fourth SlCp. after the lolerances in the six DOFs were meL the daughterboard.

which was still coupled ta the 6-DOF stage and just barely in contact with the three screw

tips. was fastened: the 6-DOF stage was subsequently decoupled from the daughterboard.
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This founh step. namely fastening the aligned daughterboard ta the optomechanics.

was the most problematic of the entire system assembly sequence. Two techniques werc

tried to fasten the board properly: they are described below.

3.5.2 Daughterboanl Fastening Techniques

3.5.2.1 Fust Daughterboard Fastening Technique: Bolting

In this technique. three additional screws were used. Fastening screws with large

heads were inserted into the 'H' clearance holes of Figure 3. 14 in the daughterboard and

screwed into the T hales in the clamp (the diameter of the fastening screw heads was

greater than the 'H' holes' so that the fastening screw heads rested against the back side of

the board). The fastening screws were then tightened so that the daughterboard did not

simply rest on but rather was pressed very hard ooto the set screw tips of step three above.

This technique proved to he very cumbersome and had fundamental problems. If

the fastening screws werc tightened too much. the daughterboard moved during the

tightening. causing the board to he bolted into an improper position. If, on the other hand.

the holding screws were not sufficiently tightened, the board drifted over time. The

experimental results indicating the drift will be given below.

Compromising between the two extremes in tightening the screws led to an

unsatisfactory compromise result in which the board slightly moved during tightening and

slightly drifted afterwards. Consequcntly. the bolting technique was rejected.

3.5.2.2 Second DaughterblJQrd Fastening Technique: Gluing

ln this case. the board was glued to the set screw tips. Mter a careful analysis of

viscosity, holding force. and case of curing. a glue from Loctite (#403) was chosen. With a

syringe, the glue was gently applicd lo the three set screw tips which were just barely

touching the daughlcrhoard. This yiclded satÏsfaclory results as the discussion below will

show.
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3.& Mechanical Stability Experiments: Setup

This section describes the diagnostic setup used to measure the effect of mechanicaI

vibrations and shock on the daughterboard x-y (lateral) alignmenL Experimental results will

follow the setup description.

The measurement setup was as follows.

In lieu of a smart pixel die. a quadrant deteetor (QD) from UDT Inc. [251. as shown

in Figure 3.15, was glued and wirebonded to a daughterboard. Afterwards. one fiber­

connected outer barrellLensletlbeamsplitter barreVOPS assembly with ail the components

except the fan-out grating (held by piece # 5 in Figure 3. l) and the lenslets was insened

inta the baseplate as per the assembly procedure. The daughterboard with the QD was then

aligned and fastened to the optomechanics using one of the two techniques described

above.

When light was launched into the OPS (with no fan-out grating). a single beam

went through the OPS and impinged on the QD. At the QD. the bearn had a nominal

diameter of 3ro =1.02 mm (99'k encircIed energy).
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The photocurrents generated by the four photodetectors. labeled L.3.5. and 7

respectively~ of the QD were fed via the high speed ribbon cable assembly to the dedicated

alignment board. On the alignment board. each of the four signaIs was fed through a

lowpass rùter having cutaff frequency f3dB= 402~ buffered~ then finally fed 10 a Lab-NB

TM AID board from National Instruments which sampled each of the four voltages al 4096

sampleslsec. The low-pass fliter was necessary to eliminate aliasing~ among other problems

associated with freqllency. The setllp for generating alignment voltage VI is shown in

Figure 3.L6. The three ather setups for generating V3• V5 and V7 from the respective

quadrants were anaIogous.
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Figure 3.15: Quadrant detector mounted onto daughterboard for alignrnent

diagnostic purposes
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Boar.......-----.. LabView

1200pF

Figure 3.16: Electronic setup Cor generating, buffering, and

quadrant detector signal

processing one

• Further processing, such as the calculations required to obtain the LU and tiy

signaIs from Ùle four sampIed voltages. was perfonned in LabView TM. To ensure

repeatable results regardless of optical power fluctuations. aIl misalignment calcuJaùons

were nonnalized to the total optical power hitting the detector. For example. from the QD

picture in Figure 3.15. il can be seen that

[5)

•

where k is a calibration constant which in this case was obtained experimentally.

For this system. the calibration constant was such that the sensitivity was about 1iO

mV/J.U11 for typical power levels. Figure 3.17 indicales that the system response was tinear

for LU<80 J.,lm .
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• 3.7 Mechanical Stability Experiments: Results

The measurement system described above was used to characterize many aspects of

me optomechanics. lbis section gives experimental results obtained.

ConnectorFCofAlignmentSystemon3.7.1 Impact

Insertion/extraction

The field-serviceability of the FC-connected power supply was an advantage which

this system offered. For this ease of connection to he of greatest use. however. it was

imperative mat the fiber be easily connected and disconnected without upsetting system

alignment. The results of an experiment in which a new Fe connection-effected fibre was

connected to and disconnected from the receptacle on the FC connector bulkhead (part #2 in

the assembly drawing. Figure 3.1) two dozen ÙIDes within five minutes are shown in

Figure 3.18. As can he seen. the spot never moved at ait to within the measurement

uncertainty of ±1 JJ.m in this setup (Sub-micron measurements were not repeatable or

constant over lime using mis setup). This result is more than a simple verification that a

single mode fiber connector has excellent repeatability: this indicates that the system

alignment was in no way affected either by the small shocks associated with the fiber

insertion or by the torque impaned on the outer barrel as the connector was hand-tightened

until the locking scrcw was snug. ft should he noted. however. that if the connector was

tightened extremely hard. the spot did move by about 2 or 3 microns. Similar results were

obtained for hoth daughterboard mounting techniques (bolûng or gluing).

•
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3.7.2 Measurement of Long-Term Drift of Bolted Daughterboard

This experirncnt measurcd long tenn drift of the daughterboard after it was fastened

using the bolting technique. The bolts wcrc hand-tightened sufficiently la hold the board

snugly 10 ilS mounting clamp on the optomechanics: further tightening of the bolts couId

have been possible. but repeated cxpcriments indicated that excessive tightening caused the

hoard to maye from iLC\ aIigned position during system assembly.

After the daughterboard was bolted. a large (120x 12Ox38mm) industrial cooling fan

typical of those mounted in convcntional backplane chassis (model 125DH lLPllOOO from

ETRl inc.) was bolted to the VME chassis and was located 50 mm away from the
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daughterboard: the fan was oriented such that it blew air direcùy ooto ilie daughterboard.

There was considerable clearance around the fan to allow for unimpeded air flow. The fan

was fed 500 mA at 12 Voc (as per specifications) which made it rotate at -3000 RPM (50

Hz). Al this frequency. if the flow is unimpeded. the fan is specified to blow 102 CFM

(Cubic Feetlmin). The chassis was simply œsting on a table and was not cIamped down in

any manner.

Every day for almost two weeks. with the fan always on at full power. the position

of the daughterboard was measured. As can he seen from the results. shown in Figure

3.19. the daughterboard Itfell" in the y direction by about 1 micron per day then srabilized

after a week. The repeatability of these measurements was +1 Jlm. As stated above. the

poor long-term stability of the daughterboard bolting technique led to its rejection for

system assembly.

Drift of bolted daughterboard exposed to fan
1 i i , , t

-
[-2 day 2 ~
- day3

)-3 ay4 1

~4 1~ d~5

~ -51 day 6 1__ day 12

day 10

~: [':-_--';;.-_-:--_--':-__~-d-:_.1;,:-:-I-l~~-....,:.-_.......JJ
-4 -3 -2 _l} b 1 2 3 4

x displacement (J.1m)

Figure 3.19: Drift or daughterboard rastened using fint (bolting) technique
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3.7.3 Measurement of Long-term Drift of Glued Daughterboard

This experiment measured long tenn drift of the daughterboard after iL was fastened

at (XS)=(O,O) at day 1 using the gluing technique. Measurement results for x and y are

shown in Figure 3.20.

The Most logical interpretation of the long-term drift results in Figure 3.20 is as

follows: the board was glued at (0.0) ±2 J.Ul1 and moved about one micron during the

curing. For over two months after the curing. the board never moved to within the

measurement error regardless of whether or nol the ETR.I 125DH fan in the setup described

above was blowing air onto the daughlerboard. It should he noted that after the glue had

cured. decoupling the daughterboard from the motorized xyz stage or extraetinglinserting

the high speed ribbon connector on the daughterboard produced no measurable

misaIignment. The rmai results are shown in Table 1. It should also he noted that adjusting

the RBSs in the OPS can compensate for small errors in xy. In the case of this long-term

drift measurement experiment. the measurement repeatability was ±3 Jlm.

Il should also he noted that after the glue had cured (which took a few minutes). the

glue left a slight residue on sorne of the optics through which the broad alignmenL beam

passed. However. this residue was subsequently measured to be extremely uniform over

Many Millimetres: as a resuIt. this residue oruy had the effect of attenuating by -30% the

lighL impinging on the quadrant detector. This attenuation did not affect the measured

results since the calculations normalized all power received. A different glue with no

outgassing ("blooming") during curing or a different setup would eliminate this problcm.

The glue used was black-toughened cyanocrylate known onder the trade name Black

Max™ from LocTite™.
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3.7.4 Real-time Measurements of Mechanical Vibrations of Glued

Daughterboard

While the glued daughterboard exposed to the large air currents generated by the fan

did not move to within measurement error over severa! months. it did exhibit a very

interesting behaviour when its real-rime displacements were analyzed in the spectral

domain. In order to analyze the spectral behaviour of the board's misalignment. Fast

Fourier Transforms (FFfs) of the board's misalignment were perfonned under

LabViewnf
.

Figure 3.21a shows the resull of the control experiment in which the ETRI 125DH

fan was rumed off. Besides small spikes at low frequencies «100 Hz). probably due 10

eiectricai interference. the spectrurn was generally quieL

For the measurements shown in Figure 3.21 b, however, the fan was turned on (0

full power as in previous experiments. In this case. spikes al 410Hz and at subsequent

integer multiples of this fundamental frequency can he discemed for LU and are readily

visible for 6.y. The conclusion ta he drawn from these observations is that the

daughterboard rnounting system has a mechanical resonance frequency of 410 Hz. This is

very encouraging since it is almost an arder of magnitude away from most cooling fans'

3000 RPM (50 Hz) rotational frequency: as a result. cooling fans should not cause this

system to becorne mechanically unstable. More sophisticated rnodeling and measurement

techniques obviously would yield more insight: this is a promising route for further

research.

Even though the Iow-pass fiJter at the input signai source had a half power cUloff

frequency of 402 Hz. the very slow ( 1st arder) roll-off allowed signais in the 800 Hz range

LO be picked up. aJbcil with an altenuation of ovcr 50%.
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The vibrations from the fan could have been coupled to the daughterboard in al leasl

two main ways: 1) since the fan was bolted to the chassis and since Ùle daughterboard was

gIued to optomechanics which were also ultimately bolted to the chassis. me falfs

mechanical vibrations could have been coupled mechanically from the fan to the

daughterboard via the chassis and optomechanics. or 2) since the powerfuI air tlow was

blowing straight onto the daughterboard and the electrical connector. the air flow itself

could have caused the board to vibrate.

Experiments were conducted ta determine which of these two factors was most

responsible for the daughterboard vibraùon. In one experiment. the fan was placed in the

same position and orientation as before. but was attaehed to the table instead of to the

chassis. As a result. the same airflow passed over the board but there was no direct

mechanical coupling. In the other experimen~ the fan was bolted ta the chassis as before.

but the airflow to the daughterboard was blocked by a stiff piece of cardboard.

Results were inconclusivc: hoth experiments yielded a spectrum similar to the one

in Figure 3.21 b. More research must be performed in this area and sources such as

building vibrations and so on must he considered.

3.7.5 Daughterboard Positioning in Other Degrees oC Freedom

The above measuremenL~ on daughrerboard positioning only address two degrees

of freedom: x and y. Of the 4 remaining degrees of freedom. 3 were considered criùca1: the

error in the two tilts (ex and 0) and the error in z; (defined in Figure 3.4). Given the small

size of the array (8x4). a quick visuaJ check beforc gluing was sufficient to ensure that

daughterboard rotation (Oz) was satisfactory.

With a traveling microscope arrangement. measuring 0 was accomplished by

measuring the distance from the cdgc of the daughterboard to the optomechanics and then

subtracting the known thickncss of the die and its glue. Measuring the tilt was
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accomplished by measuring ~ at severa! positions along the daughterboard edge and using

simple geometrical relationships to subtract from these readings a known tilt of the die with

respect to the daughterboard. The results are summarized in Table 1 (p. 60).

3.7.6 Discussion oC Results

The daughterboard mounting technique was labour intensive and, from Table I. il

can be seen that Most objectives were probably not met This is partIy due to the extrernely

tight constraints that were imposed (the target values are for 1% 10ss) and partly due to the

novelty of the mounting technique which is quite different from traditional slug-based

techniques, given the system constraints. While the system cao still function with the

results obtained, a certain number of conclusions cao nonetheless be drawn from this

work. 1) the interface between optoelecU"onics and optics is by far the most critical in any

system of this nature. 2) a bener way of aligning lenslet anay #2 to the optoelectronics.

either by using mechanical means or by prealigning these components to each other before

insertion. is necessary . and 3) once assembled, a system like this one is very stable.

3.8 Conclusion

This chapter presented the first truly 3D. vertically-oriented. rack-rnounted. multi­

stage optomechanical system implementing a free-space optical mterconnecl. Additionally.

the approach chosen cao scale to much larger systems.

This chapter outlined sorne of the design tradeoffs and issues to be faced whcn

designing optomechanics for a frec-space digital computing system. It was shown that

optical constraints. machining tolerances. optoelecuonic technology, electronic packaging.

material parameters. thennal effects. and component availability aU have a major impact on

the optomechanics. Moreovcr. diagnostic techniques were developed and shown to yicld

considerable information on the status of the optomechanics. Finally. further avenues of

research, such as a bctler understanding of vibration mechanismsy were proposed.
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Chapter 4: ln-situ Alignment Diagnostics

4.1 Introduction

The assembly of the optical backplane demonstrator brought up many problems

associated with the assembly of and alignment diagnostic systems for FSOls. A key

problem with most CUITent diagnostic systems. such as the vibration mOlÙtoring described

in the previous chapter. is their intrusive nature. For example. the baclq)lane could not

function normally with the vibration diagnostic system in place since the daughterboard

with the smart pixel had to be taken out and a daughterboard with a quadrant detector had to

be mounted in its stead: additionally. some microoptic components had to he removed to

simplify measuremenl. further perturbing the system. Another intrusive alignmem

diagnostic system used in the backplane consisted of an imaging system with a camera and

pellicle attached which was used to observe the system at various planes of interest: this

affected power throughput. Moreover. intrusive irnaging systems such as mis one and

others of a similar nature [1.21 are often buIky and me alignment information produced

must be interpreted by an experienced observer to he of use. As welt viewports must he

included for them. often increasing system size. In short, current techniques for alignment

diagnostic are intrusive. labour-intensive. and very expensive for large-scale fabrication of

muiti-stage interconnecl systems. The problem is greatest in modulator-based systems

which have me added requirement of aligning an array of optical power supply (OPS)

beams. as shown in Figure 4. 1a.

Future diagnostic techniques will have to eliminate imaging systems and human

intervention as much as possible. and the Most elegant way to do so is to produce electrical

diagnostic signais that can be interprcted by automated test equipmenL One can envision an

eventual photonic extension to boundary scan standards such as IEEE 1149 [3) in which
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dedicated alignment circuitry would respond to test vectors by communicating the extent of

system misalignment. This infannation would he used to answer either basic questions ­

such as whether or not the system works - or more quantitative questions - such as

whether or not the misalignment is small enough to be corrected. or what is the maximum

dock rate the system cao run al (which is a fonction of the misalignment. among many

other factors).

The key therefore is to generate - in a non-intrusive manner - analog electrical

signais proportional to misalignrnent In this chapter. a novel concept of in-situ lateraI (xy)

alignment diagnostic is proposed and then demonstrated in an optical bacllliane

mterconnect The concept cao be summarized as follows [4]. As seen in Figure 4.1 b. the

OPS generated additional higher arder beams. called alignment beams. whieh ran paralIe! to

the main signal beams. The alignment beams were used ta monitor the alignment status of

the system al various planes in the system. More specifically, at each stage of the system.

the OPS [5] generated a pattern of beams which included a 4x8 anay of signal beams and

four alignment beams. as shown in Figure 4.2. Two of these alignment beams. named 1x

and ly. were used to monitor the laleraI alignment of the beam anay onto the modulatars of

stage #1: the other two alignment beams. named 2x and 2y, were used to monitor the

alignment of the modulated bcams onto the receivers at stage # 2. The alignment beams

were relayed using dcdicated microoptics and impinged on silicon alignment detectors

located on the pcriphcry of the smart pixel chips al eaeh stage.

No previous free-space optical interconneet has made use of deliberately generated

higher order bcams and associated optics for alignment diagnostic purposes. although

analogous techniques have becn uscd in othcr contexts such as in particle accelerators [6).

Sarne VCSEL-bascd systems have succcssfully used discrete alignment beams in feedbaek

systerns[7]. Other tcchniques for dctermining a1ignment error in free-space optieal systems

involve deducing the alignmcnl status by using severa! staggered detectors per channel and

custam circuitry (R). Innovalive ways of using stroboscopie illumination ta gather
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• infonnaùon about pulse shapes even at high modulation rates have been presemed and are

very promising, but they still rely on intrusive techniques and as such disturb the system

being measured[9] .
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Figure 4.2: Bearn pattern generated at the output of the Optical Power

Supply, which is at the input power plane of each stage

The organization of this chapter is as follows. Section 4.2 describes how beam

width and detector layout are factors which affect measurement range: the desired range is

chosen and these parameters are then chosen as a function of the measurement range

required for system assembly. Section 4.3 presents the design of the alignmenl diagnostic

system which meets the measuremenL requirements. Section 4.4 outlines physical

characteristics of key components. such as the chip and the microoptics. Section 4.5 gives

system characterization and experimental results. and section 4.6 provides a discussion of

the results. section 4.7 overviews the costs associated with the diagnostic system and a

conclusion follows .
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4.2 Alignment detectors and measurement range

Measurement range is an important attribute of a diagnostic system. This section

stans by demonstrating that the type and geometry of the alignment detector. along with the

profile of the alignment beam y are imponant design parameters which detennine the range

and accuracy of a measurement system. The desired measurement range for system

assembly is chosen and beam widths appropriate for this desired measurement range are

obtained.

4.2.1 Choice of Alignment Detectors

One way to measure the alignment of an incoming array of beams is to have one or

many of the alignment beams impinge on alignment detectors. Severa! techniques for

measuring the position of an incoming beam have been demonstrated previously. These

include MOS Position Sensing Detectors [10] and quadrant detectors, which are generally

four independent photodiodes arrangerl in a square or diamond and which are used to

measure the latera! (x and y) alignment error of an incident beam in Many applications such

as compact disk players and active alignment demonstrations[ Il. 12]. With additional optics

and processing, a quadrant detector can measure defocus (âZ error) as weIl [12].

If severa! alignment beams are available and if they cannat be misaligned

independenùy of each other. then another technique for measuring the position of an

incoming array in x and y is to use bi-ceU detectors (BeDs). A bi-eell detector, which

consisLS of lWO detectors beside each other, as shown in Figure 4.3, can be used to

measure beam position in one direction only (x or y). As shown in Figure 4.3, two sets of

BCOs can be used lO measure the xy misalignment of an incaming array of beams: one

BeO with an alignment beam to measure misalignment in the x direction. and another BCO

with another alignment beam ta measure y.
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Figure 4.3: Bi-cell detectors (BeDs) with two incident beams for lateral (x ..

y)alignment measurement

4.2.2 Desired Measurement Range

An important conclusion drawn from the work of system assembly was that me x-y

alignment of me daughterboard with respect to the last lenslet array (L~) was the most

criùcaI step. The system still could receive and transmit if the xy misaIignment was of the

order of a few (<5) JJ.m. but beyond 5 JJ.ffi of mjsalignment~ little data could be modulated

or received. As a result of this situation, there was no way of knowing me extent of

misalignment beyond 5 JJ.m without resoning to a difficult irnaging system to look through

the microoptics onto the device windows. Obviously if the misalignment was very large.

then a coarse imaging system could help with coarse alignment. For the current system. a

coarse imaging system could yield visuai alignment information to within -25 ~ at besl.

Therefore, the in-sitLi mcasuremcnt system could he useful if it could help to bridge me gap

between 'coarse' alignment and the last few microns. This gap had to he the minimum

measurement range of the aIignmenl diagnostic system.
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4.2.3 Effect of beam width on measurement range

Optical interconnects will not work if misalignment between smart pixel devices and

microoptics exceeds a cenain value. For the current backplane~ as slated above. the system

could not work if the misalignment exceeded 5JJ.m. Moreover. without a sophisticated

imaging system for peering through lenslets. the magnitude of the misalignment could not

be determined once this value was exceeded sïnce the system could not work whether the

misalignrnent was 5 J.1Ill or (say) 15 J.lm. (Obviously if the misalignment was very large.

then a coarse imaging system could help with coarse alignment). Therefore~ a measurernenl

system is useful if it can help to bridge the gap between 'coarse' alignment and the last few

microns. This gap should be the nominal measurement range of the alignment diagnostic

system.As this section shows. the useful measurement range is a fWlction of the width of

the spot created by the incident beam.

A few defmitions are necessary for this discussion: if an alignment beam with

Gaussian irradiance profile is incident on a bi-celI detector composed of detectors E' and

F'• then PE and PF are defined to be the total power incident on detectors E' and F'

respectively. If the beam is off-centre (i.e. misaligned) relative ta the bi-cell derector. then

one detector will have more power incident than the other one. The error signal. ÂX... is

then:

(1)

•

where k is a scaling constant with units in J.lm. The error signal is thus k times the

nonnalized differcntial power. The normalization. namely dividing by the total power

hitting the alignment dctectors. i5 pcrformcd in arder ta minimize the effect of fluctuations

in the laser power on the measured values.
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• For a given wavelength and deteetor~ the width of the spot on the bi-cell detennines

the measurement resolution and range. If a beam with a Gaussian irradiance pattern

1 = loeXP(-2 ~ Jw-
(2)

where 1
0

is the peak irradiance. r = r + y2 and w is the lIez (86.5~ encircled power)

radius. is incident on the bi-cell detector composed of E' and F'.. then PF can he calculated

as follows for a given actual misalignment LU:

(3)

•

•

A similar expression can he derived for PF.

The plot of normalized differential power (PF-PE)/(PF+PE) vs the actual

misalignment.. L1x .. is as shawn in Figure 4.4 for w =llJ.m. a=O.1 1J.Ill, b=20 Jlm, c=IOJlm.

The plot indicates that when Lix > 1.5 IJ.m. (PF-PE)/(PF+PE) = 1. ConverseLy~ when L1x< 1.5
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Figure 4.4: Theoretical plot of normalized error signal vs actual

displacement for a beam with a IJJ.m radius (86.5% encircled

power) incident on a bi-cell detector. In the quasi-linear region,

the curve is linear to within 10%.

As can he seen [rom the plot. there is a quasi-linear relationship between the

nonnalized differential power and the actual misalignment over the region

-0.4w<L1x<O.4w~ in this region. the curve is never more than 10% off the value of the besl

linear fit. This relationship. which indicates thal the maximum linear range of the

measurement system is ± O.4w and which holds for most detector dimensions of ïnteresl.

is exploited in the optical and electronic design of the alignment detection systems described

in this chapter.
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Furthermore~ the value of k in Equation (1) can be chosen to yield a one-ta-one

relationship between the error signal L1x.. and the actual displacemenL L1X~ over the linear

range. For example~ in the situation plotted in Figure 4.4, (PF-PE)/(PF+PE) = 0.4 when

L1x = 0.6IJ.m. Therefore, choosing a value of k=1.5 Jl.Ill would yield the desired one-to-

one relationship between LU.. and LU.. Additionally, as can he seen from the plOL a

misalignment of up ta -O.8w will still yield an appreciable error signal which increases

monotonically with misalignment, although the error signal will not he linearly relaled to

the acrual misalignment beyond üAw.

Given the -25 IJ.m range of a coarse imaging system, the width of the beams lx and

1y incident on their respective BCDs on the stage # 1 die was chosen ta he W tx=w [\,=30

IJ.m. As calculated abave. tlùs allawed far a linear measurement range of ±12 ~ and a

non-linear measurement range of approximately ±25 J.1lll.

The same reasoning also applied to the 2x and 2y beams. However. in arder ta

verify me concept of linearity aver a different measurement range, it was decided to

increase the measurement range provided by 2x and 2y. This alsa alIowed for an even

simpler irnaging system for the alignment of that stage. As a result, me width of the beams

2x and 2y incident on their respective BCDs on the stage # 2 die was chosen to he

w:!x=w:!y=50 J.Lm.

4.3 Optical and Detector Design

The main constraints in the design of the alignment beam system were: 1) the bearns

impinging on me alignment detectors on the CMOS die had to be wide enough to yield

useful alignrnent information: 2) the path of the alignment beams had to be as close as

possible ta that of the signal bcams[7]: 3) the additional components for the alignment

bcams were not to hinder the proper operation of the main signal beam relays: and 4) all

space constraints imposed by the CMOS die area as weil as existing optomechanics and
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optics had ta be respected. BCDs were chosen for alignment measurement. As a result. the

stage #l OPS had ta generate four alignment beams: lx. ly. 2x. and 2y.

4.3.1 Overview of alignment beam optical relay

The optical path followed by beams lx and ly was as shawn in Figure 4.5. As

with all beams emerging from the OPS. beam lx was generated at the input power plane a

distance zr in front of LAI ~ as shawn in Figure 4.5. Bearn 1x was then relayed by lenslets

LIU and Llbx ooto its alignment detector on the Hybrid-SEED chip. Sîmilarly. bearn Iy

was relayed by lenslets L lav and Llbv onto its alignmeot detector on the Hybrid-SEED chip

(oot shown in Figure 4.5).

The optical path followed by beams 2x and 2y was as foUows. As shawn in Figure

4.5. beam 2x was relayed by L2a.x onto mirror M2a.x and. after reflection and polarization

change, was imaged by the bulk leoses ooto mirror M 2bx in the next stage. After reflection

off M:!bx and another polarizatioo change, beam 2x was imaged by ~bX onto the smart pixel

die. A sirnilar paili using L2a~.' M Zav' M2bV and L2by was followed by the second alignment

beam 2y (not shown in Figure 4.5).

4.3.2 Optical Relay for Alignment Beams lx and ly

This section and the oext describe the design of the optical relays which generated

the alignrnent beams of appropriare width (detennined above) at the appropriate alignment

de!ectors. Key parameters of the design for the signal beam relay were summarized in the

previous chapler. The optical design for the alignment beams had to respect aIl spacing and

optomechanical constraints imposed by the signal beam relay optical design.

For the 1x and 1y bearns. il was necessary ta design an optical relay which would

image the alignment beams from the input power plane onto their respective alignment

detectors on the die. Furthennore. since the OPS generated aIl beams with a lie! radius of

W p=6.47 J.l.rn al the power array plane. the relay had to have a magnification of
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• W l/Wp=30/6.47 = 4.64. This section will describe the design of the relay for the lx beam:

the ly beam relay is analogous to the lx relay.

Figure 4.5: Path taken by alignment beams lx and lx.
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Referring to Figure 4.5. the relay for the 1x beam consisted of two lenses which

had focal lengths of LIu and L Ibx respectively. Standard Gaussian beam propagation

models were used in the analysis [13].

Because of the design constraints,. the 1x alignment bearn had a waist al the inpUL

power plane located al a distance zI=922 J.I1D in front of the LIU lens. To simplify

calculations, the focallength of LIU was chosen to be 768 J..I11l since this was also the focal

length for aIl signal lenslets. This yielded zl=768+~, which is the criterion for the

maximum lens-to-waisl distance: another Waisl was located halfway between LIU and L 1bx'

at a distance z.:.l2 =2.7 mm behind LIu' At this halfway point, the beam radius cao be

calculated to he w I=22.8 J,lm. Similar calculations indicated that the focal length of L1bx

had to be 1.87 mm in arder Lo generate wlx= 30J,lm. The nominal specifications of all

components for the transmission of the lx and 1y beams are given in Table 1 and Table 2

respectively.

lens focallength position of center (Jlm) size (J.1m) fl#
(Jlm)@ À.=850 nm

LIU 76S (-62.5,750) 0123 6.24

L Ibx 1870 (-62.5.750) 0123 15.2

Table 1: components for transmission of alignment beam lx. Note: 0

stands for diameter

lens focallength position of center (J,lm) size (J,lm) f/#

Ulm)@ À.=850 nm
LIa\" 768 (812.5.62.5) 0123 6.24

LIb"· 1870 (812.5.62.5) 0123 15.2

Table 2: components for transmission of alignment beam Iy
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4.3.3 Optical Relay for Alignment Beams 2x and 2y

This section will descrihe the optical relay for the 2x and 2y alignment beams. As in

the previous section, only the design of the relay for the 2x beam will he described: me 2y

beam reLay is analogous to the 2x relay.

4.3.3.1 Effect ofon-die space constraints on optical relay

As stated above. the 2x beam had to follow as closely as possible the path of the

signal beams wlùch left the OPS. were reflected by the moduIating mirror/quantum weil

stacIes of the flfSt stage chip. and were then relayed to the second stage chip.

ln arder ta closely follow the path of the signaI beams, therefore. the 2x alignment

beam should ideally impinge on a mirror beside - and at the same height as - me

madulators on the first stage chip. This wauld cause any tilt or misalignment of this chip to

equally affect the propagation of the signal and alignment beams.

Unfortunately. on-die space and grid constraints similar ta the ones dictating the

location of the bi-eell detectors were present in this case. leaving no room for simple

mirrors for the 2x beam on the first stage chip. As a result of these space constraints. the

mirror for the 2x beam was put on the LA: substrate. which is as close to the first stage

chip as possible. This mirror is laheled M:ax in Figure 4.5.

While this arrangemenl is nol optimal since it daes not measure the effect of any

daughterboard misaJignmenl in the overaIl alignment measurement, it still yields valuable

infonnalion on the aJignmenl stalus of all other components in the optical relay such as the

PBS. the alignmenl prisms. and other lenses.

4.3.3.2 Design ofoptical rellly

The optÏcal path length for alignmenl heam 2x from Lens L.:.ax ta lens L 2bx was 140

mm + 3~. wherc the 140 mm componenl was the optical length af the conventional lens

relay and the 3z: component was duc LO the microchannel relaYe
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• Using Gaussian beam propagation equations, an optimization was performed wilh

the objective of minimizing the beam width at mirror M2bX and lens ~x. where there was

the least space available. This 100 to a beam radius (86.5 9é encircled power) of 75 Jlm al

M2bx• To a110w for any misalignment error, the mirror size for M2bx was chosen ta he al

least 300Jlm x 300 J.lm. Funhermore, the beam had a radius of 116 IJ.m at Lzbr Given the

calculations outlined above. the nominal specifications of all components for the

transmission of the 2x and 2y beams are given in Table 3 and Table 4.

lens or focal length position of center (J.U11) size (J,.lm) f/#
mirror (Jlm)@ À=850 nm

~\: 872 (-812.5.-312.5) 0123 7.08

M"3V - (-812.5.-312.5) 150x150 -
M"h~' - (812.5.312.5) 300 x 300 -
L:zb\: 1405 (812.5,312.5) 0354 3.98

gnp

lens or focallenglh position of center (J..l1Il) size (Jlm) f/#
mirror (J.lm)@ À=850 nm

L:zax 872 (312.5,-750) 0123 7.08

M.,,... - (312.5,-750) 150 x 150 -
M.,'n - (-312.5,750) 300 x 300 -
L:zbx 1405 (-312.5,750) 0354 3.98

Table 3: corn onents for transmission of ali ment beam 2x

•
Table 4: components for transmission ofalignment beam 2y

4.3.4 Alignment Detector Configuration

Bond-pads are necessary to get eleclrical signaIs off the chip. Since therc were ta he

•

four BeDs per chip - one for each of beams lx. ly, 2x and 2y - and since each SeD

needed two lines (one for each deteclor of the BeO). the ideal number of bond-pads per

chip for the alignmenl photocurrenL~ wouJd have been eight (plus an optionaJ ground). as

shown in Figure 4.6a.
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1

l'

2 3

Ca)

Cb)

4

3'

4'

•
Figure 4.6 a) Ideal bi-eell detector layout if no electrical pin--out limitations

exist b) Sharing of alignment detectors imposed by pin-out

limitations. In this case, only (lx and ly) or (2x and 2y) can be

on al the same lime or an incorrect reading will he taken.
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However~ in order to save on pin-outs, BeDs cao be combined by overlapping a

detector common to both of them. As cao be seen from Figure 4.6b. two BeDs cao he built

usingjust threedetectors provided only one Ben is used at a time. This cao he described

as follows.

In the straightforward case of non-overlapping BeDs. the situation is as shawn in

Figure 4.6a. If the chip in Figure 4.6a is at stage # 1. then beam lx is incident on detectors

E and F which combine to give infonnation on misalignrnent in the x direction. Similarly. if

Ùle chip in Figure 4.6a is at stage #2~ then beam 2x (from the previous stage) is incident on

Gand H.

On the other hand if the BCOs are overlapped to produce a common detector. then

the situation is as shown in Figure 4.6b: beam lx is incident on detectors E' and F'

whereas beam 2x (from a previous stage) is incident on detectors F' and 0'. For this 10

work. only one OPS at a lime can be on when alignment measurements are being

perfonned: if not, beams lx and 2x bOth impinge on F', leading to a faIse measurement.

This leads ta an additional saving in pin-oUlS: since only one of lx or 2x is incident al any

given time when alignment measurements are performed, detectors E' and G' can be lied

together. leading to funher savings in pin-outs.

A similar reasoning applies to the detectors for the ly and 2y beams and associated

detectors.

4.3.5 Orr-chip processing of alignment detector signais

Each of the four alignment detector Hnes, namely l '.2',3',and 4', as well a

common line 5' (not shown). were lied 10 a 1Mn resistor which converted the photocurrent

into a voltage. Each voltage was then buffered and fed via an AID board into a computer for

processing and display. The net result of all these operations was that a voltage signal

proportional to the power incident on each alignment deteetor was generated and read by a
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computer which performed all necessary calculatioos. The noise across the resistor was

measured to be less than 0.3% of the maximum voltage swing.

4.4 Components

4.4.1 Microoptics

The lenslet arrays are shown in Figure 4.7. All diffractive optical components were

designed for an operating wavelength of À.=850 nm. AlI diffractive components had eight

phase Ievels if the camponent had an f/# >6: for thase components with f/# < 6. ilie

component had eight phase Ievels up ta the fabrication limiL and then 4 levels beyond. For

example. Iens ~x in Table 3 was composed of eight phase leveIs up to a diameter of 234

JlI11 and then had only four phase Ievels up to the diameter of 354 J..I.m. AlI signal Ienslets on

LAI and LA:! had a focallength of f~=768 J,.lm.

On LAI' the signal lenslets were 123 J..l.Il1 x 125 J..1.m. and they were laid out in 1x 8

strips that were 123J..1.m wide x 1 mm high. Mirror strips 123J.1.m wide x 1 mm were

alternated with the lenslet strips. On LA:!. the signal lenslets were 125J..U11 x 125 !J.Il1 and

were laid out in a 8x8 square.

AIl mirrors were made of gold deposited on silver on the substrate. The substra.les

were made of fused silica 500J.1.m thick and were anti-reflection caated for 850 nm light on

the side with no diffractive components.

The fan-out clement within the Opticai Power Supply was an 8-level non-separable

Multiple Phase Grating.

4.4.2 Optoelectronics and packaging

The silicon chip was a O.8J,.lm. three-metallayer. n-well CMOS chip. The chip \Vas

post-processed by Lucent Bell Labs with an array of multiple quantum well (MQW)

modulators and phOlodetectors using solder-bump bond teehnology [14]. The chip is

shown in Figure 4.8 with the alignmenl detectors highlighted.
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The silicon alignment detectors were p/n+ diodes on a p substrate where p contacts

were made with a p diffusion layer in a ring as shown in Figure 4.9 to isolate the threc

different diodes. Three separate n+ diffusions were used. During operation" the alignment

detectors were reverse-biased to 5V.

v

PueUated
MiO'Ors

M2y

q2ay~I><~~-Imm-' Signal Lc:nslc:ts

OL2ax

a)

b)

Llby ~

b

O
1 (-~L2b\i
i "-J -
1 n:...-J..

~

J
J
J

mm_

Ibx

•
Figure 4.7: Lenslet arrays a) LAt: drawing and

picture (mirror image)
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,......a.&A........ent detectors for lx and 2x

2.8 Il1lIl

•

Alignlllent detectors for ly and 2y
Figure 4.8: Smart Pixel Chip with (highlighted) alignment deteetors on the

side.
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TOP-VIEW
Figure 4.9: Layout of silicon alignment detectors

Referring to Figure 4.3b. the nominal dimensions for the alignment detectors were

as follows: a=7.5 J.1m. c=70fJ.m. and b varied from 100 to 200 J,J.m. depending on the

detector.

The measured responsivity of one of the actual chips used in the experiment was

0.08 AIW at À.=850 nm. A SiN layer which absorbed -70% of the light was present on the

detectors. contribuüng to the low sensitivity.

The chip was glued and wirebonded to the small, custom-designed, daughrerboard

[15]. which offered mechanical support and an electrical connection to the rest of the test

cquipmenL
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4.5 Experimental Results

4.5.1 Images ofBeam Array at Selected Planes

As a stage-to-stage link was being built up, images of the beam array al various

planes in the system were taken via a CCD camera/frame grabber setup.

Figure 4.2 shows the beam array at the input power plane with the 32 signal beams

and the alignment beams.

Figure 4.10 shows the beam array at a distance z3 beyond LAI of stage #1 al ilie

plane where the stage #1 chip would be located. At this plane, only 34 beams are visible.

namely the lx and Iy alignment beams as weIl as the 32 signal beams. The 2x and 2y

beams are not visible in Figure 4.10 since they impinged on the Mm and M~y mirrars

respectivelyand were sent ta stage #2.

Finally, Figure 4.11 shaws the beam array at a distance z3 beyond LAI of stage #2.

at the plane where the stage #2 chip would be located. At this plane, anly 34 beams are

visible. namely the 2x and 2y alignment beams as well as the 32 signal beams reflected

from stage #1.

4.5.1.1 Systematic e"or due 10 beam profile

AlI calculations for the propagation of the aIignment beams assumed an ideal

Gaussian irradiance prafile. In a real system, a perfect Gaussian prafile is Dot achievablc

due ta camponent non-idealities. These imperfections had at least two consequences of

interest ta the measurement system described here.

The first consequence was the impact on measurement linearity. The assumptian of

linearity ta within lO~ used above may not be valid if the beam is not Gaussian. In fact, as

is shown below. there were occasional kinks in the measurement curve which cao be

attributed ta non-ideal Gaussian beams
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Alignlllent bealll 1x

32 signal beallls
Alignlllent beam 1y

Figure 4.10: Bearn pattern at the plane orthe stage #1 chip.
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Figure 4.11: Bearn array at the plane of the stage #2 chip. Increasing

rnagnifications show systematic error brought about by

diff'erence between centroid of alignment beam and centre line

of signal beams.
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The second consequence was one of systernatic error. As stated abovc. the system

was designed such that the centroid of each alignment beam was located on the 125 J..lffi

grid on which all signal beams were located. For example~ in Figure 4.11. the centroid of

alignment spot 2y should have been on the line labeled 'center of signal beams·. However.

calculations on the measured data indicate that the centroid was actually 6.5 J.lm above this

line. As a resul~ there was introduced a systematic error of 6.5J..UD on all measurements

using the 2y alignment beam.

This error cao he anributed to Many factors such as dust or fabrication errors on me

large lenslets and rnirrors. as weIl as to the path of the alignment heam which is

approximately 500~rn farther from the optical axis than the signal beam farthest from me

optical axis. The raggcd profIle of the 2y alignment beam can he attributed to the fact that

the 2y alignment beam. like the signal bearns it ran parallel to~ had gone through weil over

30 optical surfaces - ranging from lenses to prisms to polarizatian campanents - after iLS

generation by the OPS. It shauld also he noted that the optical relay inherently magnified all

imperfections in the beam by a considerable amount in arder ta generate the wide beam

(-100 ~m. 86.5% encircled power) at the alignrnent detectar. These factors can also

explain the slight lack of radial syrnmetry of the alignment beam at the detector.

Similar observaùons and calculations indicated that the offset error of the 2x beam

was II J.lm.

Offset errors of this magnitude clcarly indicate that this alignment system was not

accurate unless proper calibration was performed beforehand~ possibly at the expense of

overall measurement range. However. as shown below. this system was precise and

rnaintained a linear response over a large measurement range.

4.5.2 Alignment Measurement

After the calibration steps described above were conducted~ the performance of the

system was measurcd in the optical backplane demonstrator system. The experimental
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setup was as shawn in Figure 4.5. namely the chip on the daughlerboard of stage #1

comrnunicated to the chip on the daughterboard of stage # 2 chip via the optical

interconnect. Bath chips were identical and were as shown in Figure 4.8.

The power incident on the alignment detectors was adjusted such thal the

photocurrents generated 5V across the IMO resistors al full misalignment (i.e. when all the

power contained in the alignment beam was entirely on one detector).

The measurement results are given below.

4.5.2.1 Performonce of lx and ly measurement

The 1x and 1y heams measured the lateraI alignment of the beam array from the

Opùcal Power Supply (OPS) onto the modulators of stage #1. The setup to measure the

performance of the alignment measurement system was as follows.

The daughterboard (with the chip glued and wirebonded onto il) was mounted on a

6 degree-of-freedom precision stage. The modulators were then set ta modulate at 1 Hz and

lighl was fed into the OPS. Withoul using the alignment beams and detectors for alignment

information, the daughterboard was moved until the chip was properly aligned. This could

he accornplished by moving the daughterboard and monitoring the contrast ratio of the

rnodulated signal beams transmined ta stage #2. When the contrast ratio of the signal beams

was maximized al stage #2. hoard # 1 could he judged ta he optimally aligned al the true

zero since the incoming power supply beams were then properly aligned onto me

modulalOrs.

At mis point. the performance of the alignrnent detectors was measured. The

daughterboard was moved by known incremenlS in the x and y directions and me

differential voltage was measured and displayed.

A plot of the normali7.cd differcntial power vs ây is shawn in Figure 4.12. The

solid line is the mcasurcd data. the dashed line is the theoretical value. The constant offset

value due to background noise (obtained for each alignment deteetor by measuring the
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• photocurrent when the alignment beam was not incident on the detector) was subtracted for

all data points.
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The major problem revealed by the plot is the systematic error: there is an 18 I-lm

difference hetween the zero crossover of L1y and that of the normalized differential power.

This error was not caused by any differences hetween the centroid of the 1x and 1y heams

and the centre of the signal beams 9 since these differences were insignificant The main

cause of the systematic error in this case tumed out to he the scanered light impinging on

me alignment detectors: me very large alignment detectors couId easily integrate all the

scattered Light arising from all the higher orders of the diffractive components in the system

before the alignment detectors (i.e. the fan-out grating and ail the lenslets in the vicinity of

me detectors) as weB aIl the other componems in the system. Sïnce the alignment detectors

were of different size. the big alignment detector captured more light than the other. leading

to the error. As a resuIt. the theoretical value on the plot is actually shifted by 181-lffi.

Once the systematic errar is taken into account9 however. the measured value uacks

the theoretical value quite closely. with the measured value rising slightly slower than the

theoretical value. This discrepancy can be anributed to the actual width of the beam. which

was measured to he approximately w 1y = 321-lm±5 J..lID (instead of the desired 30f..U11) as

weB as ta the residue partly covering the silicon alignment detectors-a factor not taken into

account in the original modeL Other sources of error could he the occasional copper trace

Line running over a detector and the varying shape of the detectors9 as weU as the scanered

light pointed out above and noise across the large 1Mn resistors.

From the measurements and theory, the scaling constant. k, of Equation (1) was

determined to he k=15I-lm.

A plot of the nonnalized differential power vs x displacement is given in Figure

4.13. Il should be noled that in this case there was a problem with receiver F: it was stuck

alO and as such it was impossible lO obtain a differential error signal which was the result

of a subtraction of two photocurrenlS. As a result9 the plot in Figure 4.13 was abtained by

assuming that the power gained by receiver F was equal ta the power lost by receiver E'.

Therefore, the line labeled 'measured data' is actually a combination of measured data and
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• reconstructed data. This partial reconstruction therefore adds an additional error lO ail the

sources of error pointed out above.
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4.5.2.2 Performance of2y measuTement

•

A setup analogous to the one for measuring the lx and 1y beams was again

performed. this time with another chip identical to the flfst one.

The flfst problem encountered in this measurement was finding the true zero. as had

been done on the firsl chip by observing the contrast ratio of the signal beams. In this case•

ilie intent was to find the true zero by monitoring the operation of the receivers: the highest
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• operating speed of the receivers would mean that the incoming beams were besl centered on

the quantum well windows. Unfortunately. the amount of power reaching the signal

detectors was not sufficient for even low speed operation. Since. it was impossible ta fully

determine me accuracy of the 2x and 2y beam system. it was assumed that me only

systematic errors affecting the accuracy were the 6.5J.Ul1 and 11J.l1l1 errors determined above

for the 2y and 2x beams respectively.

This being determined. the alignment system performance was measured.

Since~ again,. a 'stuck al O' faull was found on this second chip for one of the

detectors needed for the 2x measuremen~only the 2y measurement was performed. which

is shown in Figure 4.14. Again. the background noise was subtracted for all points.
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The Figure 4.14 plot shows a good fit between theory and measured. except for a

systernatic error of 24 Jlm. This systematic error is considerably greater than the 6.5 Jlm

calculated above. The additional error can be explained by the same reasons given for the

1x and 1y beams. namely the scattered light. the imperfections on the alignment deœctors

and noise across the resistors.

In this setup. the scaling constant for the 2x and 2y beams is k- 25~m.

4.5.2.3 Differentiol voltage swing

AlI the measured displacernents so far have been given in terms of normalized

differential power. However. the results could also have been given in terms of differential

voltage per micrometer. In this setup. the 1x and 1y beams could generate a differential

voltage swing of 330 rnV per micrometer of misalignment and the 2x and 2y beams

generated adifferential voltage swing 200mV/~.

4.6 Discussion of Results

A novel technique for in-sitLi monitoring of lateral alignment in free-space optical

systems was proposed and then implemented in an free-space optical backplane

demonsu-ator system.

Several conclusions can he drawn from the experimentaI demonstration. The

principal conclusion is that the system can he used as il was intended to: positional

measurements from the alignrncnt dctectors can be obtained and used ta adjust the system

when misaligned during system assembly. However. the system was quite cumbersomc

for many reasons. Firsl. the systematic crrors wcre u-oublesome and irnposed complicated

calibration steps. Second. tlte constraints on pin-outs and especially chip real estate.

cornbined with the need 10 keep the alignment spots on a 125~m grid. led to non-optimal

configurations. Third.. fabrication imperfections ranging from the scattering off lenslets and

other componcnts 10 the rcsiduc left on the chips affected system performance and

considerably reduced the measurement accuracy. Fourth. the alignmenl detectors were
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made too large and as such captured too much stray lighL The system would have been

better with thinner detectors. Nonetheless. all these practical problems can be eliminated in

future implementations of this concepL

4.7 Cost of Diagnostic System

This chapter has indicated the benefits brought about by in-sinl diagnostics and

testing. However. diagnostics and testing of systems always add cost. In cenain chips. for

examples. external testing can represent up to 40% of the final chip cost[ 161. The cost is a

function of the desired coverage. the use of extemal vs buHt-in testing~ and 50 on. Cast is a

vital factor in all test schemes. and so costing the diagnostic system described in this

chapter is an imponant exercise.

The costs considered are the following: on-die chip area. bond pads. additional

microoptic components. power loss due to fan out and additional components. The costs

will be expressed as a percentage of system functionality.

There were six alignment detectors and associated traces occupyjng a talai of

approximately 63 000 J,lm: on the die: this represented -1 % of the total 2.8 mm x 2.8 mm

chip area. The five hond pads for the alignment signais represented -10 % of the total bond

pads on the periphery of the chip (multiplexing could have allowed trade-offs between pin­

outs and area). The four alignmenl beams had as much power as the signal beams: as a

result. they reduccd me power available to the signal beams by 41(4 x 8) = 12.5%. The

additional lenses and mirrors rcprcscnted about 15% of the total area on the occupied glass

substrate. Additional componenL~ and lines on the ribban cable and PCBs added about 5%

in cast to the design. Finally. the amount of engineering time to design and build the in-situ

system relative to the total amount of time spcnt on the total project was about 15%.

Assuming that all the above factors have cquaI weight. it cao he seen that the alignment

diagnostic system addcd -12~k to total system cost.
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This value must be compared to what the cost would he to build the system without

the alignment diagnostic system. Sînce no time sheets were kept during system assembly.

this is obviously an estimate with a high value of uncenainty. Nonetheless, given the

months spent in the lab by all the group members to align the system and the costs of using

an external alignment system with cameras and bulky optics, it can be said mat a 12'ft­

increase in cost is weil worth the time saved. Moreover, the ability ta monitor the FSOI in

real-time without perturbing it in any way is incalculable. Finally. this cast is relatively

flXed and should decrease relative to total cost as systems increase in size. For example. the

total power lost to alignment bearns will decrease in relation to total optical power as the

number of signal beams ïncreases.

This section indicates that the cast of using built-in, or in-situ. diagnostics is smalL

In any case. the electronics industry has already accepted the merits of such testing and

photonics must do sa as weil. The key is to reduce me cost.

4.8 Conclusion

The key point put forward in this chapter is that diagnostic systems in future free­

space optical systems will have to be built-in during the system design phase and will have

ta generate electronic signals compatible with existing industrial test standards. Parallel

alignment beams as presented in this chapter are an elegant way af achieving this goal.

Hawever. more accurate cost-benefit studies will have to he performed in the future to

detenninc the desirable balance between built-in and extemal testing - just like the

eleclronics industry does[ 16].
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• Chapter 5: Optical

Diagnostic Tooi

5.1 Introduction

Crosstalk as an Alignment

•

•

Chapters 2 and 3 presented me optomechanics and optical packaging of

demonstrator systems which were built over severa! years. A key conclusion from this

work was that alignment diagnostic systems for optical packaging had to he further

developed since mey were critical for simplifying system assembly and analyzing the

performance of completed systems. Moreover. these diagnostic systems had to be as non­

intrusive as possible in arder to minimize any perturbation of me system. Chapter 4

presented a novel in-sitll diagnostic system which worked weil and which served to

introduce the idea of non-obtrusive diagnostic. However. the diagnostic system did have a

cast in terms of additional components and especially design cornplexity. A diagnostic

system which is even less cosùy would be very beneficial for free-space opücal

interconnects. With mis in mind. this chapter presents a simpler and cheaper idea for

generaüng diagnostic information on system alignmenL In this technique. the crosstalk

generated by misaligned optical beams incident on lenslets is measured and used to deduce

the alignment status of a system.

The concept is described in Figure 5.1. If an array of incident beams is misaligned

with respect to its intended lenslets. there will he optical crosstalk. This chapter proposes

the concept of capturing sorne of the crosstalk power with dedicated alignment lenslets and

detectors in order to deduce the alignrncnl status of the system.

As shown in Figure 5.2. eighl dedicated alignment lenslets and associated detectors

can he used to determine all possible misalignments. An Ideal situation is shown in Figure

S.2a in which all alignmenl detectors receive an equal and minimal amount of power. If

there i5 a lateral misalignmen~ for example in the positive x direction. then detectors
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• associated with lenslets D and E will receive more light and A and H will reeeive less light.

as seen in Figure 5.2b. For a defocus. aIl deteetors will receive more light. as seen in

Figure S.2e. Tilt and rotation can he interpreted as combinations of the above. This chapter

will present the theory~ design~ and fabrication for a diagnostic system optimized to

measure lateral (x-y) misalignment errors in a lenslet-based interconnect.

•

Dedic:u.ed alignmenl Ienslc:t

Ca)

Ly Z

Cb)

Alignment ~or.;

Signal detl:Ctors
-.._rl

•

Figure 5.1 a) Perfect alignment of incoming beam onto lenslet array b)

Misalignment leads to optical crosstalk component captured by

dedicated alignment lenslet and associated alignment detector

The effect of crosstalk and associated diffracùve spreading in optical links has been

studied in many differenL contexts beforc. Analyses and experiments using ideal round

lenslets have been perfonned LO dctermine a design space which would maintain a signal­

to-crosstalk ratio SXR of over 12 dB for dense (3460 channels/cm2
) interconnects[ 1).

System demonstraLors. espccialJy thosc using Jenslets in their systems. generally also

consider erosstalk [2.3.41. aJtbough designers for systems with just bulk macrolenses have

also studied the issue and dctermined maL crosstalk from Ait)' function sidelobes can he

reduced by appropriate apodizjng al the spatiallight modulators [5]. Moreover. the clipping
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• al aperture edges of free-space demultiplexers for WDM systems has aIso led to analysis of

optical crosstalk [6]. The conclusion drawn from these and other works is that crosstalk

has always been seen as strictly an undesirable effect ta he minimized. Wlùle crasstalk

certainly lowers system performance. crosstalk can also he used to generate usefui

infonnation.

A

H

B C

DDD
000
000

D

E

A

H

•
G

(a)

F

<c)

G

(b)

F

•

Figure 5.2a) Ideal alignment b) lateral misalignment c) defocus

This chapter is organized as follows. Section 5.2 presents defmitions and the

georneuical setup ncccssary for a propcr undcrstanding of the technique. Section 5.3

presents the rnathematicaJ foundation for the analysis of crosstalk and associated diffractive

effects. It is shown that for small misaIignrncnts the diffracted crosstalk power is spread

out over a great area: as a resulL thr: signal-to-crosstalk ratio (SXR) al the deleclor plane is
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higher than that at the lenslets. which is a beneficial effecL In section 5.4 the alignment

detectors for capturing the crosstalk power are designed and the diffractive spreading effect

is used ta optimize their efficiency. In section 5.5 experimental observations are conducred

to validate the model and in section 5.6 experimental results with a custom made derector

array including dedicated and optimized alignment detectors are presented. Section 5.7

concludes by explaining the significance and implications of this technique. as well as of

other similar diagnostic techniques.

The work in this chapter is described in pan. in Reference [7] .

5.2 Definitions and Geometrical setup

Since this chapter deals with optical crosstalk caused by the misalignment of arrays

of signal beams incident on arrays of lenslets. it is imperative ta define key terms.

SignaI beams are beams which contain data: as far as this work is cancemed. they

could originate either from modulators or from eminers such as vertical cavity surface

emitting lasers (VCSELs).

The tenn 'intended target' of a signal bearn is the lenslet or detector which the beam

would impinge upon if the system were perfecùy aligned. The term 'victim' is used to

describe the lenslet or detector for signal beams which receives crosstalk power from an

adjacent misaligned beam. The Lerm 'victim' is commonly used in electrical engineering ta

describe lines or connectors affected by Ldi/dt electrical crosstalk interference caused by

fasl-changing currenL~ in adjacent conductors. especially in backplanes and their

connecLOrs[ 8).

In this chapter. unless otherwise specified. the term 'crosstalk' will mean optical

crosstalk due to physicaJ misalignmenl of beams relative to their targeL Other types of

optical crosstalk. such as wavelength-based crostalk in WDM systems[9J. for example. or

polarization crosstalk will not he covcred.
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As will be explained. this chapter proposes an evolution of the concept - introduced

in the previous chapter - of having two different types of lenslets: signal lenslets and

dedicated alignment lenslets. These are shown in Figure 5.1. As before. signal lenslets are

used to relay signal beams: each signal lenslet is always an intended target and serves to

relay optical beams to conventional signal detectors. However. there is a difference for the

alignment lenses: a dedicated alignment lenslet is never an intended targeL Its only function

is to couple opücal crosstalk power ioto a dedicated crosstalk detector in case of

misalignmenL There are no dedicated alignment beams.

It is also imponant to define the geometry of the problem. The interconnect between

the two lenslet arrays could he either telecentric, minimum waist or any hybrid

lenslet/macrolens combination. For the current discussion, the system 1S a telecentric 4f

relay with lenslets having a focallength of 1#=1 mm. although this discussion could apply

to many other configurations and to different scaling. As a resul~ the optical path distance

hetween the lenslets i5 2h and the optical distance between detectors and lenslets is/#.

The following defines the coordinate axes and frames of reference to which ail

suhsequent calculations will refer. As shawn in Figure 5.1. the lenslet arrays (LAs) and the

dctector array reside on (x.y) planes. LA" 1S located on plane (xo,)'o)' LA. 15 located on

plane (X/'YI) and the detector array is on plane (xf'Yr)' LAo contains just signallenslets

whereas LAI contains signal lenslets aJong with dedicated alignment lenslets at the

pcriphery of the array. To preserve generality. no assumption will be made of the source of

the heams: they could come either from eminers or modulators.
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• 5.3 Calculations of Theoretical Crosstalk Diffraction

Pattern

This section serves to give a theoretical foundation for the discussions in the rest of

this chapter.

5.3.1 Derivation of the Diffractive Lens Model

The lensleLS used in all experiments in this thesis were diffractive and as such their

characteristics must he studied. An ideal diffracùve leos will have many focallengths due to

the many diffracùve orders present. If the frrst order (N=-l) focal length is f u' then other

focallengths corresponding to converging wavefronts will he [10]:

•
(1)

•

where N < 0 and IN+ 11 is an integer multiple of the number of phase levels used to derme

the diffractive lens.

For example, an ideal 4 level diffractive lens will have focal lengths of f/J' f)5, fj9

for the first (N=-l). fifth (N=-5). and ninth (N=-9) orders respectively: an 8 level lens will

have focallengths alf/J,fJ9 for the first and ninth arder respectively. The power diffracted

by each of these highcr order focal lengths decreases geometrically with increasing

order[ 10].

The diffractive lenses in the experiments had eighl phase levels in the middle and

four al the periphery. duc to fabrication constraints. For the purpose of this analysis, tlle

model chosen to describe the diffractive lenses in these experiments includes zeroth, first

and estimated ftfth arder effects. Based on the results obtained in the appendix, il is

assumcd that for a unit irradiance. 10 , incident on a microlens, 0.791
0

is diffracted into the
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first order. and O.07~ goes into the zeroth order. lt is further assumed that approximately

one third the rernaining power. 0.051
0

goes iota the ruth order. with the remaining 9Lk

scanering into other orders and elsewhere.

A rmaI operation must be performed on the model. The measured values above

correspond to power whereas diffraction calculaùons below compute field strength which

is proportional to the square foot of the power. As a result. the calculations below use the

field diffraction coefficients Cl =-J0.79 =0.89. Co =...J0.07 =0.26. and Cc; = ,JO.05 =022

for the firsL zeroth. and futh orders respectively. While this model obviously simplifies a

complex situation by lumping sorne of the power unacccounted for into the futh order and

neglecting the remaining power ioto other converging and diverging orders. it nonetheless

yields considerably more insight than the simple ideallens case. and in fact predicts results

comparable to the experirnental results obtained below.

5.3.2 Setup of the Diffraction Integral

This section sets up the diffraction integral which gives a mathematical

representaùon of the physical situation depicted in Figure 5.1. When evaluated. this integral

gives the amount of power coupied ioto the crosstalk component defined above for various

values of lateral misalignment. Llx.. • of the incoming bearn relaùve to the intended lenslet.

The geometry of the problem is given in Figure 5.3. with Figure 5.4 funher giving

boundary conditions and approximate irradiance proftles aL the Fourier plane. Given an

optical setup in which Gaussian beams are relayed by a telecentric lenslet-based 4f system

from transmitter to receiver. the field incident on LAI is[ 11 J:

(2)

•
.,

where <1> =arctan(N:w 11ru..;). R is the radius of curvature also defmed in [Il] • w is the

1le'!. encircled irradiance radius. and =.. =f~. the distance from the beam waisL between the

two Ienslets to LAI in this telecentric system. In effect. equation (2) states that the beam
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• incident at the microlens has a Gaussian field profIle with a curved phase front and has a

peak value at (xg,Jg)'

Yf

YI

Incident field G(x1~Y1)

..~

2d

Diffracted field U(xl'y!)

""

•

z

Figure 5.3: Geometry of the diffraction problem

If the illumination field defincd hy G(x/,y/) werc incident on an ideal square lens of

•
focal length f w of dimensions 2d x 2d. and centered al (x ltY/):(0,0) as shawn in Figure
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• 5.4. then the diffracled field distribution U'(xpY/} at a distance fil behind the lens (for -

(3)

•

•

where P(xpYf) is a unity-amplitude complex phase term. The irradiance would he the

square of the absolute value of the above expression.

Yf
Field produced on inœnded Field U(XPY/) produced on adjacent detecfor

detector by intended lens by crossta!k lens due to misaIignment Me.

\ 2d 7= ·smean:d- for small <1>.,

._-- /'f
/P

Field incident on inlended
lcnslet with misalignmem ~Xe

z

Figure 5.4: Boundary conditions for calculations and approximate

irradiance profiles at Fourier plane

However. the actual diffractive lcns is quite different from the ideallens. As a result

of the model obtained above and in the appendix. the diffracted field at the focal plane is

more accurately represented by U(xPY/) as follows:
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• C(XrYf) = .:: r Id
1":1". Lei -el

G<XloYI)xexp(-j~ (rfx, +YfYI»X

[C. eij2~. (XI' +yn)+ C, +C, exp(jy(r,' + Y~ ~J. /15))]
1etJ..·. (4)

•

•

In equation (4), diffraction due ta a lens of focal length fJ! is given weight Cr.

diffraction due to a lens of focal length f/5 is given weight C 5 , and a beam freely

propagating in free space is given weight Co' as per the mode!. Thus, the term with

coefficient C5 indicates a lens of focallength fj5 observed at a distance fil away from the

lens.

Finally, in order ta calculate the crosstalk due to optical misalignmenL the

boundaries for equation (4) are as shown in Figure 5.4 and mathematically described as

follows. The intended lens is centered about (x/,YI)=(-2d,O) and the dedicated crosstalk

lenslet is centered about (x l'y1)=(0,0). The Gaussian beam, described by G(xl'Y1)' is

nominally incident on the intended lens: a misalignment L1x.. brings the beam doser to the

crosstalk lens. which means that G(Xl'YI) defined in equation (2) has the following values:

5.3.3 Calculation Results

Equation (4) for various values of misalignment error ât".. was numerically

cvaluated using Matlab™ running on a Pentium processor. The incident beam had a

diameter of 3w=3x38.R= 116J..lm (99Gk encircled power) and the lens had side dimension

2d= 125 Ilm. These values were chosen because they were similar ta those used in the

systems described in the previous chapters: about 5fJ.m of misalignmem were permined
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before ciose ta 1% of the power was lost ta cIipping and cTosstallc Other values were

Â=850 nm~ f u=1mm.

Normalized contour plots of the crosstalk irradiance l(xrYf)~ where

/(xr}f)= 1U(xf'Yf) I:! are given in Figure 5.5 for the region centered about (xpYj)={O.O).

Figure 5.5a-k show the contour plot of the nonnalized crosstalk irradiance as & .. is swepl

[rom 15~ to 115 J.1.m in 10 lJ.IIl increments.

For small values of the misalignment LU...~ the diffractive effeet al the discontinuity

between the two microlenses is considerable and has the effeet of smearing the crosstalk

component incident about (xrYf)=(O.O) into a thin and narrow streak. As LU.. increases. the

diffraction at the discontinuity has a relatively smaller impact and the crosstalk irradiance is

doser ta being circularly symmetric. When M .. is approximately 125 J.1.m~ the beam is

completely misaligned: the heam is incident on and centered on the crosstalk lenslet and the

intended lenslet receives practically nothing.

Il is interesting to note that the crosstalk irradiance patterns in Figure 5.5 are

skewed toward the negative x direetion~ or toward the intended detectar. This is due (0 the

various diffraction orders of the diffractive lensleL Simulations carried out for an ideallens~

namely a lens with coefficient CI sel (0 one and al1 other coefficients set to zero, reveal a

crosstalk irradiance pattern which has symmetry in both XI and Yr This interesting aspect

eventually could he cxploited to develop a technique for tesling the quality of diffractive

microlenses.
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Figure 5.Sa).k): Irradiance pattern in the fourier field of the alignment

lenslet as misalignment LU.. is swept from lSJ.Lm to 11SJ,Lm
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5.3.4 Significance of the Calculation Resulls

The results above show that in situations of optical misalignment in a microlens­

based relay, not all the optical crosstalk power will he coupled inta a victim detector

adjacent to the intended detector: because of the spreading effect shown in Figure 5.5, the

victim deteetor will receive only a fraction of the power incident on the crosstalk lens. the

rest being smeared out beside the victim detector. This cao he seen in Figure 5.5a. where

the dashed box shows the outline of a hypothetical 3ÛJ.1m x30 Jl.m detector.

Another interesting observation cao he made from Figure 5.5. Figure 5.5k, which

represents the irradiance pattern produced by the crosstalk lens for a 115Jl.m misalignment.

can also he interpreted as being the irradiance pattern generated by the intended lens for a

025-ll5)= 10 Jl.Il1 misalignmenl This irradiance pattern is quite circular and close to the

optimal perfect alignment case. The same can aIso he said for Figure 5.5i which can

represent a misalignment of (125-95)=30 lim. This indicates that even for considerable

misalignments (e.g. 30 lim for the case of this 125 JJ.I111ens). the intended detector will still

sec a reasonably compacL uniform and circularly symmetric irradiance pattern. and all the

power incident on the intended lens will land on the intended detector. This cao he secn in

Figure 5.5k where the dashed box again represents a 30 J.U11 x 30 Jl.m detector.

In other words. for a situation of misalignment as shawn in Figure 5.3. the signal­

to-crosstalk ratio (SXR) at the deteclors will he higher than the SXR at the lenslets for all

reasonable values of misalignmcnt (L1x,.<d) •. This interesting phenomenon is a benefit of

me diffractive spreading cffecl To further illustrate this point, Figure 5.6 shows a plot of

SXR (power) vs misalignmenl for the situation calculated above (w=38.8 lim. f u=l mm.

d=62.5Jlffi). The solid lines indicate the SXR al me detector for 0 < LU,. < 62 J..Ul1 with

dctector sizes ranging from 6 to 30 Jlm on a side. The dashed tine represents the SXR at the

lenslct. As can he seen. for a considerable range of misalignment the SXR at the detector is

always at least 2.5 dB or more higher than the SXR at the lenslet, with smaller detectors
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• having a higher SXR. Obviously. smaller detectors will couple less absolute power. as

Figure 5.7 shows. The optimal deteetor dimension will depend on receiver characteristics.

Therefore. in a major system design exercise where optoelectronic. optomechanic. optical

and packaging designers collaborate. the plots in Figure 5.6 and Figure 5.7 could form pan

of a design space for and influence receiver design. For example.. a smaller detector could

have a lower bit error rate since the SXR would he lower but would receive less power and

thus run slower than a large detector. assuming the receiver design is of the sense-amplifier

type which is relatively unaffected by detector size and its associated capacitance [L3j. The

diffractive analysis presented in this section thus could he used as an input parameter for a
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5.4 Dedicated Alignment Detectors

The crosstalk effect which was analyzed ïn the preceding section can he exploited to

yield practicaJ results. This section presents a novel concept which consists of inserting

•

addiùonal lenslcts with corresponding dcdicated alignmenl deteclors al the focal plane in

ordcr to collect the crosstalk light from a misaligned signal beam. as shown in Figure 5.1:

appropriate processing can then he performed 10 determine the extent of the misalignment.

(Additionally. if detectors on either side of the array record an increase in crosstalk power.

then defocus, as opposedlo lateral misalignmenl, is most likely the problem.)
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• For the work presented here. a 6x6 array of signal detectors with eight dedicated

alignment detectors al the periphery was fabricated. The upper right 3x2 subarray of

detectors along with alignment detectors is shown in Figure 5.8. The chip will he further

discussed in the next chapter.

•

Dedicated alignment detectors

Upper right corner of
signal detector array

•

Figure 5.S: Portion of 6x6 signal detector array along with dedicated

alignment detectors at the corners

5.4.1 Optimization of Alignment Detectors

Given a dedicaled aJignmenl Ienslet sending crosstalk power inta a dedicated

alignment detector. il is desirable to have the alignment detector coUect as much crosstalk

power as possible. An opümal choicc would he tn have the dedicated alignment detectars

laid out in the approximatc shape of the crosstalk 'smear' shown in Figure 5.5a.b.c and as

such collect more crosstalk power lhan any signal deteetor with a conventional rectangular

or circular shape having the same total area. As a result. the full extent of the misalignment
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can be measured and ultimately he corrected or at the very least flagged before the crosstalk

has a significant adverse effect on overall system performance.

Ideally. the alignment deteetor would have infinite area since the crosstalk power is

theoretically spread out over an infmite area. A more practical consideration limiting

alignment deteetor area is the dark current of the receiver: if the alignment deteetor is too

big, the photocurrent produced by the optical crosstalk incident on the alignment deteetor

could be drowned out by the dark current of the alignment deteetor itself. An optirnization

is thus required for best performance.

(An aside about dark current considerations is now in order. Admittedly. the dark

CUITent is OC whereas the crosstalk photocurrent would come from a modulated signal

beam: as a result, the crosstalk power would also be modulated and the modulated crosstalk

photocurrent could then he separated from the dark current. However, this could require

sophisticated processing. especially if the data stream has such a high bit rate that the

alignmenl receiver can only detecl the envelope of the modulated crosstalk power: this

sophisticated processing goes against the grain of this concept which is to simplify

alignment error detection. This is especially true since the alignment deteetor is much

greater than the signal deteetor and therefore has a greater capacitance, reducing the rise

time. Much of the rescarch directed toward receiver design [14] could he used in this

context. although receiver design is beyond the scope of this work).

The practical rcality. thereforc. is thal dark current willlimit the size of the detector.

To optimize and design lbc alignrncnl deteetor for the demonstration below a three step

optimization proccss was perforrncd. This process look into account the (claimed) dark

CUITent and other performance Char.lClCrislics of the particuJar device lechnology used for

the array in Figure 5.8. The MSMs uscd were lo have a dark current. id' on the order of

700pAlIJ1T1: along with a rcsponsitivily of S=O.4A1W[ 15] al typical operating condiùons

and bias voltages (-3V) and al wavelcngths close to 850nm.
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• In the frrst step~ the MSM electtical characteristics were used in a custOlll MaùabTh1

program which deîmed the alignment detector one square micron al at time. Effecùvely. the

program perfonned thresholding at every square micron and the deteetor was defmed such

that al every square micron of the detector~ the dark current was less than the expected

photocurrent due ta crosstalk irradiance~ l(xrYf)~ ariginating from a À.=850 nm.

w=38.8Jlm. LmW beam with a misalignment af .1x..=IO JlID with respect ta an intended

lenslet adjacent to the crosstaIk lensleL Mathematically~ the aptimizatian could he expressed

as the boalean expression:

(5)

•

•

where D(xp)i) is the boolean array defining the detector, and all ather tenns are as defmed

above.

This yes/no thresholding generaled a boolean array which resembled the diffracùon

pattern at the given lOJlm misalignmenL as shown in Figure 5.9. In this case, however. the

opùmization was perforrncd for the (symmetric) diffraction pattern of an ideal lens (Le.

with no higher or zero orders). making il more general, although the optimization process

is identicaI far any diffraction pallern. Moreover. space constraints dictated that the

maximum length he set lO 125 Jlm even lhough the optimization algorithm could have made

the delector longer. In stcp 2. for ease of fabrication. only the envelope of the pattern was

retained to avoid leaving gaping hoks in the dctcclor. as shown in Figure 5.9. This was

acceptable sincc thesc hulcs shifted consider..lhly whereas the overall envelope shifted less

as L1x.. changed. ln step 3. a furthcr progr..lm was written which generated a .CIF fùe

corresponding to the fingcr layout of lhc M5M implemenùog the alignment detector based

on the envelope of the thrcsholded array. The net result was an optimized alignmenl

dctector as shown in Figure 5.8. [t should be noted that the alignment detector geometry
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• was fuI1her modified by stretching it 4 ~ in both the x and y directions in order to take

into account possible misalignment between the device array and the microlens array. This

had the effect of giving the alignment detector a slightly rounder shape and as such gave. in

theory• a slightly less efficient deteetor compared to the optimal design. This was a cost

associatedwith difficulties in device-to-lenslet alignmenL For fabrication purposes. the ideal

shape had to he further truncated. although the diffraction outline is still quite visible.

[ Boolean array D(xf.Yfl

40 1

20~

o

• 1

-20 ~

1

-40 [
1

!

1

-60 -40 -20 o

xf(J.1m)

20 40 60

•

Figure 5.9: Optimum alignment detector shape. Each black dot marks a

position (xrY/) for which D(x)'f,)=TRUE

The 10 J.lrn criterion used for the dcfinition of the deteetor was justified as follows:

experimental work in prcvious chapters indicated that components often move by -5 JlITl

when components are tighlened or glued. Moreover. a 5fJ.J11 drift thereafter can he expected
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as was shown in plots of long tenu drift of previous chapters. Therefore. optimizing a

system to detect best a lOtJrn misalignment is reasanable. Hawever. for any value close to

LU.. = 10 J..UIl. the thearetical performance will only he slightly sub-optimal. and will

degrade quite slowly with increasing misalignmenL It should he noted that this

configuration is optimal for misalignments in either x or y. although small cambined

displacements will still yield a good performance. For large combined x-y displacements. a

detector optimized with different parameters should he designed.

Looking closely at the alignment detectors in Figure 5.8, it can he seen that they

have different shapes based on their orientations: the alignment detectors along the x­

direction have a shape very similar to that of the ideal optimized detector of Figure 5.9.

However. the ones along the y-direction are starkly different and effectively look like big

sq uares. The device growers later explained that fabrication difficulties encountered in the

epitaxiallift-off process were such thal it was feasible ta have rme features in only one of

either the x or y directions. As a result. sorne experirnents below were only perfonned for

the At.. case. although it is safe to assume that Liy,. would have behaved similarly if different

tcchnology had been used.

5.5 Measured Diffraction Patterns tram Crosstalk Lens

Experiments were conducted to validate the above models and calculations. The

first experimenl. describcd in this section. consisted of observing the irradiance panern al

the fGcaI plane of a crosstalk microlens as the misalignment Lix,. was increased. In this

SClUp. the misalignment Lix.. was swepl from 0 10 125 J.U1l and the irradiance panern al the

focal plane of the crosslalk lens was ohserved.

5.5.1 Observation Setup and Calibration

The observation setup consisted ofax40 objective which imaged the crosstalk

irr.ldiance pattern inta a linear CCD camera. as shown in Figure 5.10. The CCO output was
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then sent to a frame-grabber wbich digitized the image and convened it to a 640x480 image

matrix with an 8 bit depth (256 grey levels).

Crosstalk lens

Figure 5.10: Setup for observing crosstalk at focal plane

AIl practical observation setups. induding this one. have a non-ideal impulse

response and effective transfer function (ETF). If [(xl'Yt) is the acrual irradiance distribution

under observation and S(x.y) is the combined ETF of the frame grabber. camera. and

microscope objective. then the measurement result M(x.y) can be expressed as:

M(x.y)=I(xrYr)*S(x.y) (6)

where * is the convolution operator.

In order to correct this situation,. a four part process must he employed. The first

part consists of observing a known irradiance step function. The second pan consists of

deducing the mathematical step response based on the observation of the known step

function. ln the third pan. the combined ETF S(x.y) is calculated from the step response

rncasured in part 2. Finally. in the fourth part. the measured result M(x.y) is deconvolved

with S(x.y) to obtain [(xrYt). In this case. a photomask with sharp edge was imaged to

obtain the step response. From there the ETF was obtained and used ta deconvolve

rneasured images. An excellent explanation of this process can he found in ref [16]. It

should be noted thal the objective and camera were of good quality and as such

deconvolution had little impact on the observed results. The image was then smaathed by

157



• averaging each pixel with the value of its eight adjacent neighbours and all backgroWld

noise was subtrateed. Each pixel corresponded to 0.39 JJ.m.

The incident beam on the LAI lenslets had a width w measured at 39tJ.1ll ± 2JJ.m.

calculated using digitizing and a Gaussian curve fitting algorithm: its profùe is shown in

Figure S.lla and the beam incident on LAI is shown in Figure S.lib. Note that Figure

5.11 is taken with the objective observing the actual LAI (xJ,yJ) plane (in Figure S.I 1a the

lenslets were moved out of the way to show just the beam through the substrate) whereas

the data presented below are of course of the back focal plane (xp.'l/) of the Lens where the

detector would normally reside.

70

JJ----_Best Gaussian lÎt
u_---- Measured

o

50

60

10
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•
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Figure 5.11: a) Profile or beam incident on LAI b) beam incident on LAI
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5.5.2 Qualitative Analysis

An image of the irradiance profile on the (xry/) plane of the signal beam with a

rnisalignment of LUt' = 15 J.1m along with the associated crosstalk component is shown in

Figure 5.12a. For this misalignment value. the power in the crosstalk component was very

small compared to the power in the signal beam: therefore. in order to see the crosstalk

component. the incident power had to he greatly increased such that the signal beam

saturated the camera. (This very low crosstalk power relative to the large amount of power

into the system increased the measurement error for the 15 J.U11 plot given below). A section

eut of the (Wo spots can he seen in Figure 5.12b. The smearing effect can he seen in the

crosstalk componenl

(a)

lbl

Figure 5.12: Signal spot and crosstalk spot a) picture b) profile

The deconvolved normaliz.cd contour plots of the crosstalk components are glven

in Figure 5.13for .1X... varying from 15 to 115 J..Lm in Increments of 10 Ilm. In general. the

shapes of the measured contour plots arc similar to the theoretical ones: as LU.. increases.

the shape of the crosstalk componcnl changes from an elongated smear to one more closely

approximaling a circularly symmetric pattern.

AIso. for smaIl values of 4t... the centroid of the irradiance is distinctly shifted

toward the -x direction. loward the intendcd targct. as predicted by the calculations.
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• 5.5.3 Quantitative Analysis

There appears to be a difference between the measured and theoretical plots in that

Ùle measured plots seem to he considerably more skewed toward the -x direction than the

theoretical plots. To quantify this discrepancY7 section cuts along the Y;=O line were taken

for aIl theoretical and measured plots and plotted on common axes. These are shawn in

Figure 5.14. The measured and theoretical section cuts are given. For each point along the

section. the theoretical and measured value were compared. Table 5.1lists the average error

and standard deviation hetween measured and theoretical. As can he seen. the average error

is generally under 10%. Since large positive and negative errors can cancel out in the

averaging process. the standard deviation is also an interesting metric. The standard

deviation is also in the 10% range.

Table 5.1: Companson of measured and theoreucal normallZed lrradlance profùes.

L1x.. (Jlm) % error between measured and standard deviation of error

Ùleoretical along section along section (%)

15 -16 LO
25 -7 9
35 2 9
45 1 9
55 5 9
65 9 10
75 2 8
85 4 10
95 8 10
105 9 10
LIS 8 Il

.

•

ft should he pointed out that each line on the contour profiles represents a 5Ck

incremem in power. so differences in the lower contour profiles look irnpressive but

aclually represent very little power.

•
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5.5.4 Discussion of tbe Results

The principal cause for this discrepancy is the model itself. As was poinled out

above and in the appendix. the diffractive lens aclually has 8 diffractive levels in the middle

and 4 al the periphery whereas the model assumed the lens was uniform with "average"

field diffraction coefficients Co~ CI" and C5 • Therefore~ as the incoming signal beam was

swept across the lens. differenl parts of the beam effectively encountered different

diffraction efficiencies. Other sources of error include non-idealities in the original bearn as

weIl as error in obtaining and measuring the original beam width. Additionally, the position

of the microscope objective could have been such Ûlat it did not image exacüy al the (xrYf)

plane but rather could have been up to IOJlm off in the z direction. causing the images to be

defocused. Finally. even though every cffon was made to clean the lenses and keep them

clean. there still could have been a small amounl of dust which couId have scanered light

into the observed areas.

5.6 Performance of Alignment Detection System

The second experimenl. dcscribed in this section. consisted of placing the detector

array al me appropriate place behind the lenslclS and quantifying the performance of this

system for using crosstalk 10 measurc misalignment. Proper alignment of the detector array

behind the lenslet array was a difficull Lask in iL~ own right: the following chapter indicates

how this was accomplishcd.

Before slarting. il was neccssary LO mca..'"iure MSM performance. AlI voltage sweeps

and current mcasuremcnts below wcre conduCLcd using a Hewlett Packard 4145B

scmiconductor par..uncter analyzcr.

5.6.1 MSM Characterization

Responsitivity. rncasured in amps/wau of incident power. and dark currenL

rncasured in amps wen: mcasurcd for both signal and alignmenl deteclors. A separate
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• measurement rig was built for this purpose. The results are shown in Figure 5.15 and

Figure 5.16 respectively. The frrst plot indicates that the responsitivity for 850nrn light. al

about 0.17 AIW was less than half the expected 0.4 AIW. The second plot indicates thal

the total dark current for the alignment detector was about 7 J.lA al the recommended 3V

operating voltage. Dividing this value by the area of the alignment detector~ approximately

SOOOJ.l.m z, yielded a dark current value of 1.4nAlJ.l.m2, or twice the O.7nAlJ.1m: design

value. AIl detectors had similar values. although the signal detectors had a responsitivity

about 10% lower than the alignmenl derectors'_

Since the alignment deteclor was optimized for an incident power of ImW and a

sensitivity of 0.4 NW (among other parameters given above)~ it was necessary to double

the incident power to compensate for the actual detector which had only half the sensitivity.

Figure S.15: Responsivity of MSM alignment detector

0.18

0.16

•
0.12

~ 0.1
<
>. 0.08->-
tJ'J
:= 0.060
c..
tJ'J
V

0::: 0.04

0.02

•
0.5 1 1.5 2

Applied MSM Voltage (Volts)

166

2.5

1

t

i
-1

3



•
'7;;' 10-7
0.,..--<---0

10-
8 rr-.

r-.

==U
...:..::
r-.c:
0

10-9

10.,0 r ,

• 0 0.5
, 1

1 1.5 2

Applied MSM Voltage (Volts)

2.5

:J

~

J

1
1,

"1

l
J

1
3

•

Figure 5.16: Dark current vs applied voltage for alignment detector

5.6.2 ResuUs

The misalignment L1x.. of a beam incident on an intended lenslet was swept from 0

to 125 J..lm. Two pholocurrenLS were monitored while titis was carried out: 1) the

photocurrent from the intended signal detector bchind the intended signal lenslet and 2) the

pholocurrent from the opümized crosstalk alignmenl deteetor behind the alignmentlenslel.

The result is shawn in Figure 5.17. along with theoretical curves.
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5.6.3 Discussion

Overall. the system worked as expected: infonnation about misalignment was

generated by measuring crosstalk in dedicated alignment detectors and the measured values

wcrc 'luite close [0 the theoretical ones. There are a few discrepancies. The photocurrenl

•

from the crosstalk deteelor can be seen lo higher than expected. especially at the critical

lower values. This is attributable 10 many factors. such as an incident beam slightly too

large. a few microns of misalignmcnt between the deteetor and lenslel array, and

inaccuracies of the model which averaged the effecl of a discontinuity in the lenslet.

Moreover. the actual M5M specs were not quite what had been expected.
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FinallY7 the lenslet fabrication teehnology is imponant and is worthy of mention.

Today. designers cao choose from two leading approaches. namely refractive and

diffraetive as well as from other approaches 7 such as holographie and graded index

lenslets. Proponents of refractive components point to their higher efficiency due to the

absence of higher orders. their ability to achieve higher nwnerical apenures and their

approximate invariance of focallength for different wavelengths[ 17. 18]. Diffractive optics.

on the other hand. have the advantage of very controllable and repeatable characteristics as

well as higher ftll factors in arrays since they cao he made in any shape[19]. Bath

technologies daim to he able to deliver inexpensive lenslets in industrial quantities. From

the specific perspective of erosstalk performance. however7 the calculations indicate mal

refractive lenslets (which could he approximated using C [= 1. in equation (4)) scatter

crosstalk light into a smaller area: this could be interpreted as meaning that refractive

lcnslets have better crosstalk performance when eompared to diffractive lenslets. This

conclusion had already been arrived ta in another eontex~ namely one of space-varianl

interconnects[20]. However. if the technique presenled in this chapter is used to generate

diagnostic information. then diffractive components could be more desirable since an

optimized alignment detector could capture more erosstalk power and ultimately serve ta

deteel a state of misalignment before it started affeelïng overall system performance.

5.7 Implications

This chapter presented a novel concept of using optical crosstalk for diagnostic of

misalignmenl in free-space optical intcrconnects and gave results of experiments conducted

10 verify the concepL

The signifieance of the work extends 10 beyond simple alignment diagnosùcs.

however. Il was shown mat diffractive cffects have an impact on SXR performance of the

overall system: the SXR al the deteetor is generally several dB higher than thal at the

lenslets for moderale misaIignments. But Ûlere may be other consequences of the spreading
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effect. For example~ diffracted light spreading out across considerable regions of a sman

pixel die could generate photocurrents in places not expected by the integrated circuit layout

tearn: these currents could upset bias points of transistors and cause them not ta work

properly. Designers should be aware of these potential effects. Moreover. in several

instances~ such as in the case of the orientation of the alignment detectors and the varying

device characteristics. closer collaboration would have improved opùmization. AIl these

effects further demonstrate the importance of proper collaboration between all design teams

in multidisciplinary projects such as FSOIs. (In a real system demonstrator~ for example. il

is rarely possible simply ta double incoming power at the touch of a dia!. as was done for a

stand-alone experiment described above). Finally. this chapter further confmned previous

observations that the device-to-Ienslet alignrnent and packaging is of critical importance and

deserves further study. This is covered in the following chapter.
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6.1 Introduction

As was indicated in previous chapters~ a major problem encountered in the

construction of optical interconnects is the alignment of optoelectronic device arrays to

lenslets. This is a crucial step since accurate lenslet-optoelectronic alignment was shown to

loosen considerably most alignment tolerances in the rest of the system. Moreover.

integrated microoptic-optoelectronic packaging lets the components offer each other mutuaI

protection. Consequently. developing techniques for producing these prealigned

devicelIenslet packages is an imponant part of optical paekaging.

CUITent techniques addressing similar alignment problems in fibre and other optical

interconnects include imaging fiducial alignment marks on the component substrate [1] - a

technique widely used for alignment of different masks in VLSI circuit fabrication [2.3).

However. fiducial marks are of limited use for alignment during assembly of 3D optical

interconnects since il is difficult to avoid lateral alignment errors incurred when irnaging

fiducial alignment marks on different xy planes.

A lenslet array on xy plane Pl! is to he aligned to an optoelectronic device array on

another xy plane. Pa: the nominal z separation between the two planes is d and the lateral

alignmenL error between the two. €. must be kept below a given tolerance. The components

with their marks arc shown in Figure 6.1. By using traditional fiducial marks. alignment

would consist of the following steps. 1) using a camera and microscope objective. image

Pli 2) find fiducial marks FUI and FUl and register their position on a monitor sereen 3)

move camera and objective along the z direction a distance d and image Pa 4) find fiducial

marks F BI and FBl and move the lcnslet array in x-y until Fal and FB2 coincide with their
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corresponding marks registered in the second step 5) glue the assembly with the

appropriate spacers.

FOI

"- 1.. t
1 r"
I~ 1

Figure 6.1: geometry of the lenslet-optoelectronic alignment problem.

The problem with this and similar techniques is that there are too many steps which

can introduce errors. especially step 3. Accurately moving a camera and microscope

objective back in z is time-consuming and inappropriate if more than prototype quantities

are required. Moreover. movement in z also causes x-y movement. reducing Ûle accurdCY

of the movement: the runout (dcviation from intended axis of movement) of a typical

laboratory-grade motorized stage has been noticed to increase rapidly from -1 Jlrn when

new [4] to severa! microns after a few monlhs of use. Modifying step 3 to move me

components instead of the imaging system will not change the problem.

In order to avoid lite third step, previous techniques have resorted to inserting

additional components in the system. complicating assembly [5]. Other techniques in which
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lenslets are attached or defined during device fabrication also exist [6.7.8.9.(0), but these

techniques. especially those involving solder-bump bonding? often have a maximum heighl

of only severa! hundred microns? depending on geometry [6], which limits the range of

values for d.

This chapter presents a new technique for aligning a lenslet array to an

optoelectronic device array: retlective diffractive structures fabricated on the device die

provide registration images during alignmenL The advantages of this technique are that it

requires very few steps during assembly and will work over a large range of values for d.

The chapter is organized as follows. Section 6.2 gives a description of the proposed

technique. along with packaging and fabrication considerations as weIl as a discussion of

the results. Section 6.3 presents an improvement of L'le technique which consists of using

actual electricai signal traces as the diffractive structure in order ta save real estate on-die.

Section 6.4 analyses the effect of perturbations on the diffractive structure in chips with

severa! metallayers and suggests ways of minimizing this problem by appropriate choice of

alignment wavelength. Section 6.5 concludes and gives a further discussion.

6.2 Description of technique

The objective of the technique is ta align an array of lenslets of focal length f with

respect to a packaged array of optoelecu-onic devices a distance d away from the lenslets. as

Figure 6.2 shows. The technique can yield precise alignment in x. y and 9z, and to sorne

extent alignment in the other thrcc degrees of freedom. There are three steps.

The first step consists of laying out retlective FZPs of focal Iength fi~ = d on the

cdge of the device array. and laying out alignmem marks at corresponding positions on the

edge of the lenslet array. For the experiment in this section? FZPs are defined besidc an

array of Metal Semiconductor-MctaI (MSM) delectors. and corresponding marks Cdonuts')

are on the lenslet substrate as Figure 6.3 and Figure 6.4 respectively show.
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with microlenses
and alignment
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uv
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pixel
die

efiective
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•

Figure 6.2: Schematic of technique: renective diffractive structures on

device die focus light back onto alignment marks
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Fresnel Zone plates

Figure 6.3: Fresnel Zone Plates for generating alignment spots defined

beside an array of detectors
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Figure 6.4: Lenslet arra~· with alignment marks ('danuts') in which the

alignment spots are to register

In the second step. a widc. planar alignment beam wilh uniform irradiance

distribution is gcner.ucd as shown in Figure 6.2 (the wide beam covers all FZPs). The

Ienslet substrate is hrought into the bcam path. with the substrate perpendicular to the

heam. and secured in place.

In the third step. UV glue is dcpositcd on top of the package and the package is

placed directly bchind and moved into contact with the substrate. The alignment beam is
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then reflected off the FZPs and foons spots a distance fi-..p in front of the die. The package is

then moved until the reflected spots from the FZPs coincide with the alignment marks on

the lenslet substrate, at which point the glue can he UV cured. A spacer May he required

between the package and the substrate.

6.2.1 Alignment Accuracy

Four main sources of errors affect this technique's lateraI (xy) alignment accuracy:

misalignment of FZPs relative to the optoelectronic device anay during fabrication.

misalignment of the alignment marks to me lenslet arrays during fabrication, the effect of an

angular tilt (a,fj :1= 0 in Figure 6.2) in the alignment beam on the position of the spots

generated by the FZPs. and error in judging when the FZP spot is aligned to the alignment

mark.

For operations in which the FZPs and the device array are defmed in the same step,

the error will he minimal and defined by the accuracy of the mask fabrication process. In

most other processes. for example when devices are flip-chipped ooto metal pads on a die.

the error can also be under one micron [6]. During lenslet fabrication. the accuracy of the

alignment mark position relative to me lenslet array is detennined by the mask aligner:

conventional mask aligners routinely align ta within 0.5-1 J,lrn [Il] .

In Figure 6.2. the angle between the die and the alignment beam is 90-a. Since the

interference pattern between the pan of the alignment beam reflected from the substrate and

that reflected from the die is used to determine the perpendicularity of the alignment beam to

me die. a deviation from the normal of /3 between the alignment beam and the die will cause

me spot generated by the ref1cctive FZPs to he misaligned with respect ta the die by

approximately â where

alignment error of E< 2 I-lm is achievable.

For fF7P=l mm. 6 < IJ.1m if 2(cr+!f)O$ <0.057°. 1Ous. in principle, a lateraI

•
., ., n2 0..5

6= fi:p tan (_(a-+,.,) ). (1)
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Two FZPs can yield rotational (8~) alignment information. For FZPs on diagonally

opposite corners and a distance r/2 away from the array centre~ the 8: error is under arclan

(Eir). If this technique is also used for z alignment. the error is determined mainly by the

depth of focus of the FZPs.

Other minor diffractive effects have been neglected m this analysis: these had

negligible impact on the results below.

6.2.2 Components

The central 4x4 array of an 8x8 diffractive lenslet array was aligned to a 4x4 MSM

array using the above technique (MSMs were 50tJ.Il1 x 50tJ1ll with NilPtIAu metallizaùon on

InP). The array pitch was 125 IJ.rn. The lenslet glass substrate had nominal dimensions of

15 x 15 x 1 mm. Two binary amplitude FZPs (D~295IJ.m)a distance r = 1909 J.Un apan

on diagonally opposite corners of the MSM anay were defined: alignment donuts with an

inner diameter of 25 lJ.rn were fabricated at corresponding places on the lenslet substrate.

Bath the lenslets and me FZPs had a focal length of f FZP = 1000 IJ.rn at À.=850 Dm. The

design of the FZP was done in the classical manner: the mth zone had a radius Rm where

[ 12]

Rm =..JmÀfFZP· (2)

•

Finally. the MSM die was glued and wire bonded into a side brazed 22 pin dual in­

line package. A close-up of one of the on-die FZPs is shown in Figure 6.5 .
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Figure 6.S: Close-up of one on-die FZP. Diameter=29S IJ.m, focal length=l

mm (for À.=8S0nm)

An image of the reflected spot generaled by the FZP when illuminated by a planar

wavefront is shown in Figure 6.6a(lo show the lower power Airy disk~ the power was

increased. causing the peak value to saturate locally the camera): with its profùe in Figure

6.6b (lower power-no saturation). The spot was the smallest obtained and was located

1 mm in front of the die.. as expecled: this fac~ combined with the figures, indicates that no

error took place during either calculaùon or layout of the FZP.

(a) (b)

•
Figure 6.6: Characterization of FZP at focal plane a) spot (saturated) b)

profile (no saturation)
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6.2.3 EfI"eet of Glue on Chip Height and Tilt

Important parameters in optical packaging are the height and tilt of the chip relative

to the chip carrier. The height is needed to calculate the thickness of the spacer and the tilt is

required to detennine if the lenslet or spacer should he tilted to compensate for the chip

angle. Il was thus necessary to measure these two values for a typical chip glued into a

typical chip carrier.

The setup was a simple traveling microscope with a xl0 microscope objective

(NA=O.25). To measure the ~ distance between the plane defming the top of the die and

plane defming the bottom of the package cavity, the objective was simply moved using an

xyz stage with micrometers and successively focused on one plane then the other: the

difference between the initial and final position on the micrometer gave the nel

displacemenL

A total of 16 points was measured. The first 8 points were A, B, C. D, E, F, 0, H

10 determine the distance from the bottom of the cavity to the top of the die. These points

were the 4 corners and 4 middle points of the die periphery. as shown in Figure 6.7. The

next 8 points were At. B', Ct, D', E', F, 0'. Ht, to detennine the distance between the

top of the package and the bouom of the cavity.

Package Optoelectronic device die Glue
~

Top of package

Figure 6.7: Deviee die in package
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• 6.2.3.1 Sources of Error in Glue MeasuTement Setup

The fIrSt source of error was the depth of field of the objective. Rayleigh's quarter

wave criterion for defocus states that the depth of field. Ô.. for an objective focusing an

incorning planar wavefront is approximately [13]

8= nÀ
2(NA)2

(3)

•

•

Thus, assuming n=1 and 850 nm light. 6 = 6.8 Jlm al besL Empirically. il was

found to be closer to 10 Jlm. Other sources of error arose when a lateral (xy) movernenl

was required in order ta measure the L1z distance. as was the case in the A'. B'. C'. D'. E'.

F'. G', H' measurements: the lateraJ travel could aIsa introduce errars prapanional ta ilie

displacement. Other sources of uncertainty included backlash on the micrometer stage.

which added -5Jlm uncertainly. The (OIaI uncenainty in z measurements was estimated al

15~m.

6.2.3.2 Glue Measurements and Discussion

Table 6.1 gives the traveling measurement results. The values far calculated

distance from top of die to top of package take into account the tilt of the board relative to

the traveling microscope.

The avcrclge distance from the top of the die to the top af the package was 0.451

mm with a standard dcviatian of 13 J.lm. As a resulL the spacer was made 1-0.451 = 0.55

mm thick. Morcovcr. these rncasurerncnLC; indicale thal the die and package top surfaces

were parallel to within 0.1 0
• ohviating the nccd to shave the spacer al an angle.
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Measured Calculated

Point Bonomof Top Top of Distance from top of Distance from top of die

Cavity of Die Package die to bonom of cavity to top of package

A 5.54 5.97 6.39 0.43 0.47

B 5.61 5.97 6.39 0.36 0.47

C 5.47 5.97 6.37 0-50 0.44

D 5.71 6.08 6.54 0.37 0.46

E 5.60 6.15 6.65 0.55 0.45

F 5.86 6.16 6.65 0.30 0.44

G 5.61 6.16 6.65 0.55 0.43

H 5.85 6.08 6.57 0.23 0.44

Table 6.1: Measurements and calculation results for glue thickness and

distance from top of die to top of cavity. Ail dimensions in mm.

Il is interesting to note that the distance from the top of the die to the bonom of the

caviry varied considcrably. The corner values (A.C.E.G) were systematically higher than

the middle values (B.D.F.H). This is duc to the fact that the glue did not quite reach the

corners but did spread out hcyond the die footprint in the middle points (B.D.F.H). As a

result. the middle point measurcmenL, indicate the distance from the top of the glue to the

top of the die. whcrcas only the corner spots indicate the true distance from the bottom of

the cavity to the top of the die. Bascd on the measurements and the above interpretation. the

thickness of the glue was 200 IJ.m. and the thickness of the die was 300 IJ.m.

6.2.4 Optical Setup

Figure 6.8 shows the optical tr..ùn which generaled the fiat beam with uniform

irradiance necessary for the alignmcnt technique. Only the central 1% of the light emerging

from the fibre was capturcd by the x40 microscope objective, ensuring a unifonn irradiance
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distribution. A very fiat beam was obtained by longitudinally moving the x40 microscope

objective until the back focal plane of me x40 objective coincided with the front focal plane

of the triplet. The beam flatness was measured with a shear plate interferometer and found

to be better than À/ID over the regions of the beam incident on the FZPs.

6.2.4.1 Beam Perpendiculllrity

For the experiment to succeed. it was critical to ensure me perpendicularity of the

wide alignment beam to the Ienslet substrate and MSM substrate. A three step approach

was implemented. Firsl. as shown in Figure 6.8~ the mirror on tilt stage was adjusted sa

that it was nonnal [0 the incident wide alignment beam. Second. as shawn in Figure 6.8b.

the Ienslet substrate was brought mto the beam and adjusted until the interference fringes

between the beams reflected from me substrate and mirror indicated that the substrate was

normal to the alignment beam. Third. the MSM substrate was brought and adjusted until it

tao was paralleI to the substrate. as shown in Figure 6.8c. A more detailed description of

each step is as follows

In the tirst step. the mlrror on the tilt stage was adjusted until the beam was

reflected back into the fibre. This was accomplished by imaging the chuck from which the

fi bre emerged.

In the second step. the lenslet substrate was brought into the alignrnenl beam and

moved until il was nonnal lO the alignrnenl beam. This was done by observing the

interference pattern bctween the beam component reflected from the substrate and that

rctlected from the mirror. According lo standard interference theory. the angle a between

lWO interfering coherent wavefronts i5 [ 14}:

•

. À
a=arcsm-

2r

where t is the period of the fringe pattern.
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Figure 6.8:0ptical setup to achieve a proper beam for lenslet packaging a)

collimation of wide alignment beam b) insertion of lenslet

substrate normal to beam c) insertion or MSM chip in package

parallel to substrate

However~ obtaining the inlerference pattern was a complex task which requircd

sorne signal processing. Figure 6.9a shows the substrate seen from the imaging port of

Figure 6.8. The only fringes c1early visible were those generated by beams retlecting from

various other fiat faces in the imaging system such as the beam splitters. the caver glass on

•
the camera, and sa on. These fringes were undesired and cluttered the image. Ta obtain the

desired fringes. il was necessary to take two images. the flrst one being Figure 6.9a, and

the second one being Laken from cxactly the same position, but with a sheet of paper

between the mirror and substrate. The sheet served ta black the desired fringes and left
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only the undesired fringes. Subtracting the two figures and enhancing yielded Figure 6.9b

in which the desired fringes are clearly visible: the period t was measured to be 147 J.lffi.

Using equation (4), the deviation from perpendicularity between subsuate and alignrnent

beam was then calculated to he a =0.1 0
• The calculations assume the substrate faces ta he

parallel, with any deviation from perfect parallel adding to this value.

(a) (b)

Figure 6.9: a) substrate before processing of image b) resultant picture

aCter processing to reveal fringes

For the third step. a similar lechnique was then used lO ensure thal the M5M

substrate was parallel to the lenslcl substrate. although this rime the interfering beams used

were the onc reflecting from the lcnslel substrate and the one reflecting from the M5M

substrate. The devialion from pcrpcndicularily between the MSM substrate surface and the

lenslet substrate was round to hc /3=0.090
•
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• 6.2.5 Results

Figure 6.10 shows images of the FZP-generated spots and the donuts on the lenslet

substrate. Figure 6.10a shows the spot in the donut on the upper right hand corner of the

lenslet substrate: Figure 6.10b shows the lawer left hand corner. Figure 6.1Oc shows the

spot deliberately misaligned by -40 lJ.Il1 and thus falling outside the donuL The large bright

smear is due to the light from the illumination LED (À.=880 nm) which was alsa partIy

focused by the retlective FZP. The LED was misaligned in order not to have the bright

smear drown out the donut and alignment spot.

b)

"

):~•..~..;: :'. "

a)

Alignment spot:~:- .~'

in donut ,~ ~:.. ,

If$i' Donut

•
.(~!~~~j:"/'., .
...~.....
~~::;..,

c)

•

Figure 6.10: FZP-generated alignment spot a) in one alignment mark

('donut') on lenslet substrate b) in diagonally opposite

alignment mark c) deliberately misaligned by - 40 IJ.m to show

spot beside donut

The measured diameter of the spot inside the donut was 12.5 Jlrn (± 3Jlm) and the

spot was measured to he -4J..lm off centre (this 4 Jlm error was due ta the low resalution of
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the manual xyz stage used). Given the anguJar misalignments a and /3. a further error of

L1=4 Jl.lll could have been introduced. Assuming a total error of 1Jlm in mask alignmenl

during various device fabrications. the total xy misalignrnent error was thus -9 microns for

this experirnenL This was verified by imaging the spots on the MSMs wough a hybrid

lenslet-bulk Jens relay. Additionally. first arder calculations reveal that the 12.5 fJ.rn spot

diameter corresponded to a 42 fJ.ffi error in z alignment[ 13].

6.2.6 Discussion

The technique was thus shown to work as intended. An extension to this technique

could involve the use of on-die astigmatic FZPs for precise information on z misalignrnenl.

as in CD players[ 15]. Severa! such FZPs could then be combined to give information on tilt

as weil. but this is probably overkill. Tune and effon probably would be better spent

ensuring that the die is glued fIal in the frrst place rather than trying to compensate

afterward.

The principal drawbacks LO this technique. however. remain the large amount of

space consumed on-die and the possibility that traces running beneath the FZPs could upset

the phase profùe of the difractive structure. possibly affecting image quality. The next

sections address both these concems.

6.3 Electrical Signal Traces as Diffractive Alignment

Structures

Using on-die FZPs is expensive in terms of on-die real estate. For example. the

FZPs abovc with focaJ lengÙl fFZP = lmm and diameter DFZP=295~m consume nearly 70000

J.l.m1 each.

An improvemcnl lo the technique described above is one in which actual electrical

signal traces are used a.~ the diffractive structure wherever possible and relevant. Thus. as
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Electricàl traces
as diffractÎve

structure

Array ofMSM
detectors

2.8 mm

Figure 6.11: Picture of chip along with close-up showing electrical traces

laid out as diffractive structures
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shown in Figure 6.11. the traces are diffractive structures (anarnorphic elements) whose

feature width and spacing are detennined using equation (2) above.

6.3.1 Description and theoretical performance

The basic operating principle when designing and usiog these structures is similar

to the one described in section 6.2. The ooly difference is in the last step: the reflected

diffracted light patterns which must he aligned to their corresponding lenslet substrate

marks are now streaks of lighL instead of points of lighL

Certain particuJarities of the present technique must be pointed out. As the inset of

Figure 6.11 shows. sorne signal lines fan out into two or more lines of the diffractive

structure and then subsequenùy recombine beyond. This occurs wherever a trace width ­

irnposed by diffractive calculations - is tao small given the current carrying requiremems of

that line. Another particularity is that a dummy line is insened between (wo different signal­

carrying lines if the line spacing - again. imposed by diffractive calculations - is too

small. which could lead to undesired crosstalk. especially if the traces run parallel over a

considerable distance. While this is potentially wasteful of die are~ it is a small waste

cornpared to an eotire FZP area.

6.3.2 Experimental Results and Discussion

The chip in Figure 6.11 was aligned to the lenslet array substrate of Figure 6.4. The

top view shows the venicallight strcak going through the alignment mark ('donut') on the

lenslet substrate. The bright srnear to the left is due to (white) illumination light. and is

anaJogous LO the srnear beside the alignment spot created by the FZP and shown in Figure

6.10. The horizontaJ alignmeot strcak was similar (boltom). although here the illumination

lighL smear also went through the donut. For proper alignment. the streaks had to go

through the centre of the donuts and he parallel to their respective edge of the lenslet array.

The measured error in laterdI alignment accuracy was < 5 J.U11 in both x and y. The
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• rotational accuracy was better than 8: < 0.12°, measured by comparing the parallelism of

the edge of the lenslet aray and the streaks.

Figure 6.12: Alignment streaks going through their respective alignment

marks on lenslet substrate

MicroJens anay
/

Slreak of light crealed by Alignmenl mark ('Donun
on-die anamorphic eleme l on microlens substrale•

•
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The dual use of electrical signal traces proposed by this technique addresses the

high on-die space consumption inherent in the FZP approach. However. it was noted that

the brightness of the streaks generated by the diffractive traces was considerably less than

that of the spots generated by the FZPs. While this was ta he expected since the same

amount of light power is spread over a line instead of concentrated in a spot. it also made

alignment more challenging since the streak was harder to distinguish from the background

noise. Measurements in fact revealed that the spots were about 10 rimes brighter than the

background whereas the streaks were only 2 ta 3 times as brighL

&.4 Minimizing The EHect of Perturbations on

Diffractive Pattern s

A potential problem with either of the techniques given above is the effect of traces

and other perturbations running heneath the diffractive structures. If there are many such

disturbances beneath a diffractive structure. its phase profIle could he considerably

changed. This could happen. for example. if the diffractive structures were on the top

layer. Metal layer 2. and traces ran beneath the structure on Metal 1. Simulations were

performed to determine the effect on the generaled diffractive light patterns of traces below

me diffractive structures using the two metal-layer process described abave. Using the

Fresnel approximation from standard scalar diffraction theory[ 16]. l(xoS). the irradiance

al a point (xo,Yo)' can be calculated 10 be:

1er • •.".) =ft II{ ('{r, .", lC."P[.J 2: (r~ +y~ ~}exp[- j ~ (r.r, + ,v• .v,>}tt,«v, (5)

where U(xI'Y/) is the complex two-dimensional function representing the diffractive

structure on Metal 2 and the phase delays associated with the traces on Metal 1.

The wavelenglh of the alignrnent illumination for aIl simulations was À=850 nm.

For this analysis, all metal traces on bath Metal 1 and Metal 2 were assumed to have the
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same thickness trr. a1though this may not necessarily he true for aIl production processcs.

AIl traces were assumed to have sharp corners and a reflection coefficient of 1. The

substrate was GaAs (n=3.35). which gave a field reflection coefficient of 0.54.

Figure 6.13 shows numerical simulations of the diffracted light pattern generated by

a reflective on-die anamorphic element as would he seen at the focal plane by a CCD

camera with linear response. In Figure 6.13a and Figure 6.13b. ooly the Metal 2 structures

were present (i.e. no Metal 1 traces underneath), and t rr= M2 (425 nm) and U4 (212 nm)

respectively. In Figure 6.13c and (d). phase perturbations simulating the effect of traces

running on Metal 1 heneath the diffractive structure were incorporated into the simulation.

In Figure 6.13a and c the trace thickness is trr = 425 nm (which is equivaJent to iJ2)

whereas in Figure 6.13b and d t rr::::;212 nm (V4). The pattern of traces running below the

diffractive structure and creating the phase perturbations is shawn in Figure 6.14. The

spacing and width of the perturbing traces were respectively 3 fJ.Ill and 2.5 J.l.rn with random

variations to simulate an actuallayout.

In Figure 6.13a and b the diffracted pattern is the horizontal streak with ripples.

which is analogous ta a typicaI Airy disk pattern. However, the light is more efficienùy

coupled into the main order with tt,=U4 because me path difference between the zones is

then 1J2 for the reflective diffractive structure. Now. with the addition of metal traces

beneaili the diffractive structure on Metal L the pattern changes. In Figure 6.13c (tt,=)J2).

the diffracted pattern is greally dislurbed. whereas in Figure 6.13d (trr=1J4) it is only

slightly disturbed. The calculations Lhus reveal that me trace thickness. tw relative to the

wavelengLh of the alignment beam is c..Titical and the besl design uses diffracùve structures

wiLh tt,=1J4. However. the trace thickness is often a function of fabrication parameters. and

since changing ttr would likely upsct production processes, it is simpler to choose the

alignment wavelengLh as a function of ft, and design the diffracùon structures and alignment

rig accordingly. Note that the alignment wavelength need not he the sarne as the system

operating wavelength.
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(a)
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Figure 6.13: Effect of perturbations on diffracted pattern a) ',,=;"/2 no

perturbation b) ',,=À/4 no perturbation c) 1,,=À/2 with perturbation

d) t,,=1J4 with perturbation

1 1

• 150l!m ----

Figure 6.14: Perturbing Metal 1 traces beneath diffractive structure

The thickncss of the isolation hctwccn rnetal layers as well as oilier factors such as

differenl reflectivitics at diffcrcnt laycrs wcrc ncglected in this analysis: taking these into

account would lcarl to a similar rcsult. which is that the alignment wavelength can he

chosen independentJy of system opcraling wavelength to simplify fabrication.
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&.5 Conclusion

A novel technique for using on-die reflective diffractive structures was proposed

and demonstrated. The technique is robust and cao he made efficient in tenns of on-die area

consumed. Moreover. it was shown that appropriate choice of the illuminating wavelength

cao reduce the effect of traces running beneath the diffractive structures.

However. beyond aIl these aspects, the key conclusion to be drawn from this

chapter and the previous ones is that multi-disciplinary collaboration between design teams

is essential to generate new and potentially beneficial ideas. For example, ASIC layout

engineers must look beyand placïng transistors. windows. and traces. and opticaJ

packaging designers must try to use all hardware ta their advantage. and stop thinking of

the optaelectronic chips simply as elusive targets to which beams must he aligned.

Collaboration and imagination are required.
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Chapter 7: Conclusions and Future Directions

7.1 Conclusions

Free-Space Optical Interconnects (FSOIs) promise to eliminate interconnection

bottlenecks Ù1at plague high-performance computing systems. especially at the very

important backplane level. In order for FSOIs to deliver on their promise~ however. optical

packaging techniques must he improved. Key problems to overcome include the impact of

environmental conditions. reducing cast in parts and labour. simplifying assembly. and

reducing overall system size.

The Ùlesis draws the following conclusions which are relevant for all designers of

opticaI packaging:

• Design of diagnostic tools must he considered al the earliest phase of system

design and must he not added-on as an afterthought.

• The requirement for bringing in opticaI power supply beams makes optical

packaging for modulator-based systems more complicated and space-consuming

than Ùlat for emitter-based systems. However. modulator-based systems offer

more design flexibility because of characteristics such as generally lower

divergence angles and reduced on-chip power consumpùon.

• Environmental effecLS such as changing temperatures cao he exploited to simplify

system assembly. A technique for lens mounting using thennal expansion and

contraction was given as an cxample.

• Many environmenta! problems that affect FSOIs affect electronic interconnects as

weil: lessons leamed by electronic packaging designers and standards applying to

electronic packaging should be applied ta FSOIs where possible and relevant

• Adhesives are a very effective way of auaching criùcal components and are often

better than scrcws and holLS ta minimize drift and improve overall stability.
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• Packaging which integrates microoptics and optoelectronics considerably loosens

key alignment tolerances. Moreover. integrated packaging offers bener mutual

protection of components.

• Diffractive effects are such that the signal-to-erosstalk ratio at the detector plane is

higher than that al the preceding lenslet plane for small misalignments in lenslet­

based interconneclS. Care should he taken during chip design and layout to ensure

that the diffracted crosstalk power does not cause localized photocurrents which

could have a negative on the chip electrical performance.

• Diffractive alignment componenlS can he laid out on-chip to aid in alignment and

fabrication of integrated packages.

• Multidisciplinary collaboration is essential to ensure optimal use of all resources

available during system design and fabrication

• Diagnostic tools cao he implemented in many different ways such as by

measuring movement of higher order beams or by measuring crosstalk

components of misaligned signal beams. Infonnation generated by these tools can

be used far bam manual alignmenl and automated alignment.

7.2 Future Directions

The follawing are key issues mat will have ta he addressed in future research in

optical packaging.

7.2.1 Choice of Materials

Extensive machining of metal precision pans is not a cost-effective solution. A

much cheaper way of producing high-precision parts in large volumes is to use processes

such as plastic injection molding (understandably. this has not been done yet since iliese

processes are much more cxpensive whcn anly a few piece are required. as has been the

case for all FSOI demonstr.ltor systems ta date). The greatest apparent drawback to these

processes may he that thcy limit the choice of materials to plastics and meir derivatives and
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plastics usually have much higher rates of thennal expansion than any metal. However. this

is not such a major problem since most future FSOI solutions will likely involve chips

mounted on melal slugs (for heat sinking and possibly for very localized EMI shielding)

which are fastened onto circuit boards; since board materials such as FR4 usually have

properties similar to those of plastics. the consequences should be less severe. The key

point is that precision-machined Metal components should disappear from all FSOls except

in the irnmediate vicinity of the chips. Big (cheap. low-precision machining) metal

enclosures may still be necessary for a computing system with high-clock-rate CPUs

radiating considerable EMI. but the FSOIs themselves in the chassis should have as much

plastic as possible in order to reduce costs.

7.2.2 Diagnostics

The generation of diagnostic infonnation in the fonn of electronic signais will have

to increase considerably. and imaging systems will have to disappear. The reason is that the

cngineers and technicians who will install and - especially - lroubleshoot these systems are

used to oscilloscopes. multimetcrs. and so on: FSOIs will have to adapt to their needs. not

the other way around. Howcver. al fïrst. il is probable that "tweaking" in the field will he

tolerated. just like certain high speed clcctronic systems taday have Many tiny adjustable

resistors and capacitors for appropriale terminating. The key is to generate unambiguous

infonnation.

7.2.3 Safety

Anothcr impofUlll aspeCl rclated 10 diagnostics is thal of safety: in-situ systems

eliminate the potentially dangerous act of opening up the system to insen partially reflective

and irnaging componcnL~ inlo the hcam palh. To avoid litigation~ it is very likely thal

lawyers for companies prnducing FSOls will impose on engineers c1ass 1 radiation

constraints (the safest Icvcl in the 4-level eye-safe laser radiation hierarchy)[ 1] for aU

phases of system operation and maintenance: a lypicai example was Motorola bending over
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backwards to ensure that its Optobus fibre ribbon link met the class 1 specs at all times even

when all ten fibres were uncovered and alliasers were on. This May have been done al the

expense of system performance. Safety constraints will play a capital role as FSOIs leave

the laboratory and will impose additional engineering hurdles not faced by experimentalists

designing systems built and maintained by highly trained researchers.

7.2.4 Final Comments

By far the best way to improve optical packaging technology is to design. build and

test systems and sub-systems. Simulations. calculations and CAO tools, while essential.

are not sufficient since they give an overall view of the problem that is much too "clean"

and rarely indicative of real problems encountered. For example, a very ùme-consuming

prJ.ctical problem encountered over the course of the work presented in this thesis was the

gluing and fastening problem: for these problems. simulations and CAO-based predictions

often ended up being rnarginally relevant at best, misleading at worst

Designing, building and testing alone will not suffice, for what cannot he measured

cannot he improved. Improving optical packaging will necessarily involve improving

diagnostic techniques. Future diagnostic techniques couJd involve diffractive components

measuring wavelength shifts, polarization instability and even dust contamination. It is

important however to kecp diagnostic COSLS low: sorne tesling could he done outside the

system. This is the case in integr~LCd circuit (lC) fabrication today: sorne tesling is done by

on-chip circuitry. and sorne is donc on specialized cxtemal le testers. Just as in le

fabrication. cost-benefit analyses will dictate which testing takes place where and when.

CUITent FSOI systems are sùlltoo big and have tao many componenLS of all types.

More components lead tu more failurcs. Unul cumponent counts are reduced~ designers of

compuùng systems will he reluctant lu adopt FSOls. Aggressive and innovative ways ta

reduce size and compuncnt counL~ should he envisaged. The optical power supply (OPS)

generating the continuous wave (CW) beams lO run the modulators could be one subsystem
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to eliminate orconsiderably reduce in size[2]. One such way could he as follows. VCSEL

arrays could be used as optical power supplies (OPS) to generate the continuous wave

(CW) beams required to run modulators. This would have two advantages. 1) the dozens

of pieces such as lenses.. isolators.. gratings .. fibre distribution schemes, beam circularizers

and so on making up the OPS would be eliminated.. considerably reducing system size and

component count 2) a forro of athermalization could he obtained whereby the VCSEL

emission wavelength could he made to change al the same rate as the peak absorption

wavelength of the modulators. eliminating the need for sophisticared ternperature

monitoring and cooling techniques. There would of course be drawbacks, the îlfSt one

being Ùle replacement of a passive device, namely the OPS, with an array of active

components. Also. VCSEL properties such as beam divergence angles or unreliable

polarization could he problemaùc. Nonetheless, these problems can he addressed.

Sacrificing modulation bandwidth. reliable VCSELs opùmized for CW operation could

perhaps be fabricated. Moreover. il should he noted that Many problems with VCSEL

performance and reliability taday arise on VCSELs that have gone through hybrid

attachment or growth onto silicon. which would not be the case here (the modulators would

be the ones attached to silicon). In addition. 0plical interconnects not relying on polarization

for beam combinations can he devised. aIbeil usually at the cost of power. Appropriate

layout and clustering could help address the divergence angle problem. Finally. cast is

a1ways an issue: uneventful bateh fahrication of VCSELs will eventually arrive and drive

Lhcir costs down aIong the weil known cxponentially decaying semiconductor fabrication

priee/performance curves whcreas mounting costs for lenses, prisms.. gratings, and other

optical componcnts for optical subsystems like an OPS have, in comparison .. barely budged

in decades (if not centuries!). The point is that many aggressive and novel solutions must

he considered and old cstablished doctrines must be chalIenged and forced ta justify

lhcmselves. System design must stan on a fresh sheet of paper.
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• Appendix 1: Diffractive Lenslet Efficiency

AI.1 Introduction

As shown in Figure A L the lenslets used in the diffractive crosstalk experiments

were diffractive lenses with 8 phase levels in the centre and 4 phase levels at the periphery.

for fabrication reasons. The minimum feature size~ xmin~ required for a multi-Ievel

diffractive lens is:

(1)

•

•

where L is the number of phase levels[ 1). In this case~ the lenslets were square and 125 J..l.I11

on a side and had a focal length of lmm (for 850 nm light). Since. in this case~ the

minimum feature size that the fabrication process could achieve was - 1.2 J..lm~ the 8 level

inner pan had a "diameter" of 150 J..lm. with the rest having four levels.

Consequently, at the ideal best only between 81 % and 95% of the incident light

was focused by the first order[2). In theory. the rest of the incident light was sent into other

higher orders. In practice. other losses such as mask misalignment (measured ta be -0.9

j.lITl in the worst case for these lenslets). dust~ and eteh depth eITors were present~ further

reducing efficiency. AddiLionally. Fresnel reflection losses could have been present since

oruy one side of the lcnslets SubSlr.lle was anLÏ-reflecLion-coated. However, two key

parameters are the efficiencies of the first and zeroth orders. and this appendix describes

measurements used to obtain them.
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Figure Al: Separation between 8 ...phase level area and 4...phase level

area in dirfracti ve lenslet

AI.2 Measuring Efficiency of the First Order

Measuring me diffraction efficiency of diffractive lenses. especially closely spaced. short­

focal length ones. is quite difficult.. aJthough measurements of the frrst order efficiency

•

have been performed hcforc on largcr lenses 121. Two different measurements were

perfarmed ta abtain two specifications. namely the power contained in the first and zerath

arder. These numbers werc important for predicting the diffracted opücal power during

misalignment.

206



• The frrst arder was measured as follows. As shown in Figure A2a~ an optical

system consisting of two conventional lenses and lenslet A was builL The lenslet was

placed a distance fil in front of the spot created by the second convenùonallens.

measuring zeroth order efficiency

Figure A2 a) : Setup for measuring first order efficiency b) setup for
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This simple system was designed sucb that weil avec 99 Ck of the incident light

power was captured by the inner (8 level) of the diffractive lens. The light diffracted by me

Ist order was measured by a power deteetoc located over 150 mm away. and this

measurement gave the efficiency of me flfSt arder for the inner part of the diffractive lens. It

should he noted, however. that although the light diffracted by the zeroth arder as weil as

those orders higher than the 1st was scanered away. sorne scattered light could nonetheless

have impinged on the photodetector: this May have added a systematic error yielding

efficiency measurements - 1% higher than the true value. Taking this factor and others

such as Fresnel reflections off the substrates into consideration, the first order diffraction

efficiency was found to be approximately 80Gk.

AI.3 Measuring Efficiency of Zeroth Order

The zeroth order. which is a function of fabrication errors such as eteh depth. was

mcasured using a two step process outlined in Figure A2b. In the frrst step. using lenslet A

and with lenslet B not yet in the measurement rig. the power incident on the power detector

- which this lime was placed over 4(Kl mm away -was measured. In the second step. lenslet

B was insened and the power al thc distant power derector was once again measured. As

can be seen in FigureA2b. only the light in the zeroth arder could reach the distant power

meter: Ùle rest of the light was scatLcrcd inlo the 1st and higher orders. Taking into account

losses due to reflections on the suhstr.J.tc. it was dctennined that the light power in the

zeroth arder rcprcscntcd 7 ~ of the incident power. The systematic error was estimated to

he similar to the one in the first rneasuremenL.

AI.4 Overall Lenslet Performance

It was very difficuJt to rnea."urc the efficicncy of the corner pans where only four

phase levels were present. As such.the efficiency was deduced as follows. Since the eight

phase level part had an cfficiency of nnly 80G)é instead of the ideal 95%, it was estimated
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that the four level pan had an efficiency of (0.8/0.95) x 81 % =68% where the 819é value is

the efficiency for the ideal 4 level lens. In order to simplify calculations. il was desired to

have one overalliens model instead of a piecewise-eontinuous one. As a result, a weïghted

sum of both was chosen, with the relative area of each pan serving as the weighting factor.

Geometric considerations indicate that the area of the 8 level region occupied-95~ of the

total lenslet area, with the rest in the four level part. This gave 0.95 x 80Ck + 0.02

x68% =79% for the first order efficiency. Ta complete me model, it was assumed that a

third of the remaining power went into a fûth arder, with the rest scattering elsewhere to

much higher orders and regions not of interest[3].
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brouPt ÏDIO lb! beam pa. wi1b tbe subIaa papa.cul..
to me beam. lad seand iD pIaœ.

ID die tbinI .... UV ... is deposited _ lOp œ die
s-:bae.. die I*bae is pIaœd direcdy beIùDd lDd awed
ÏIIIO c:œIKl widI die ...... ne aIi...... beaID is 1beD
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t')
Fil- 2. Ca) JtdIeai-..e Fraad ...... GD .,.. car-.I of MSM die. (1))
Afi&'n"'r'M m.b C-daDuuj .. IIIÏCIaIaIIMay ...-.-.

re6ecœd off Ihe FZP·s lDd forms spou a ctisanœ IF%P iD
froot of the die. The pacbp is men moved WIâl1be reftected
spou from the FZP·s ccincide widl die alipmem mats OB

the microleassu~ • wbicb point die &lue is UV ClII'ed. A
spaœr may be requirecl betweea the pKkap lIIId die subllnle.

m. A1..IGN!IIENT ACCUItACY

Four maiD sources of mon affect tbis __icp.Ie·s 1aI.cn1
(%y) alipment accœacy: IllisalipuDalt or FlFs relalive to

'It

1be oplOelec.uoDic c1eviœ ma, cIuriD& tàbricaIion. misaüp­
meDl or die alipmem lDIIts ID 1be lIIiaoIms anay cIuriD,
fabric:aIioa.. Ille etrect of aD aaplu tilt (0, IJ ~ 0 iD Fil- 1)
iD die aliJlllDeDl beam 0Il1be positiOD ofdx spaa aeaenred by
die FZP·s. aad error iD.iUdIiDI wbeD die FZP spot is aliped
CO 1be alipmeal mark.

For opencioas iD wIüda die FZP·s ad Ibe device anay aœ
defiDed iD me same step. die enor will be minimal md defiDed
by the accuracy of the mask: fabrication process. In most other
proces.ses. foc e.xample, wbeo de...ices are ftip-cbipped ODlO

meuI pads CD a die. 1be enŒ cm also be ......ODe microa [5].
DuriDI miaoIeas fabric:aIioa.. Ibe aa:uncy œ die a6l"meI't
lUIt positioD relaâve co die mic:IOlas IInY is deI.amiDed by
die mast aliper. CODveDlioaal mut .pss rou1iDeIy alip
CO wi1biD 0.5-1 ~ [7].

ln~ 1. dlemPe berweea die die ... '''.l''''W'IIt bam
is 90 -o. SiDc:e die ïnterfenace paa.em belweaa Ibe part of die
aJipmeal beam refleeled from 1be subIIra _ tbal reftected
flom Ibe die is used 10 cteœrmiDe die perpeodicuJarit of 1be
aJipmeDI beam ID 1be die. & devialioa fi'OID Ibe aomW of fJ
bdweea 1be _JI"""" beam lDd die die will cause die spot
eeDel'lled by die reflective FZP"s co be rnjy1iprd wilb œspect
co Ibe die by appro-imately A =I/q tan (2(02 +p2)o.$J. For­
l,.. =1 ..... A < 1pm if 2(02 + p2)o.$ < 0.0510.

11Ius. iD priDciple. & Iarcnl llipunent emJr of E < 2111D
is adlievable.

Two F2Jt's caD yield rocaIioaal (,~) iii...... ÏDformaIioIL
For f7Fs OG diagooaIly opposite comas lDd a dislaace r /2
a..y &am Ibe anay c:eDIa'. me'. emx is UDder UCWl (E/r).
If dUs redJDiqlJe is also ased for z aJiP"""" the emJI' is
cIetamiœcI maiDly by tbe cIqJda of Cocus ofdie F7P·s wbicb is
6 = A/2(NA2 ) [8], wbeœ NAis Ibc FZP aumaic:aJ aperture.

omer lIIÎIIœ di.fliadive effeeu have beea aqJected iD Ibis
aaalysis; tbese bad DePII'b1e im&*t QG !he œsuJu beIow.

IV. ExPEIlJMENrAL SEnJP

The ceolnl • x .. anay or .. 8 x 1 di1rncbve miaoIeas
aray wu &liped 10 &.. x .. MSM may aiDe the above
tecbDique (MSM·s were ~ pm x 50 l'ID widl N"l-ft-Au
meWJizaIioa CD IDP). 1bese are Ibo... iD fi&. 2(&) .cl (b).
1be may pitdl wu 115 pm. 11ae microIeaI pss subsInIe
hM nomiN' cfimrnsioas of 15 )( 15 x 1 __ 'IWo biDary
lIIIpIi1ude FZP'I (DFZP = 29S pm) & cfistDœ r = 1909
IIID lpIIt - diapJaaDy oppœire CIOI'Da'S of !he MSM may
were defiDed; &Ii..... doDuts wi1b ID ÏIIDeI' cfia"!del' of 2.S
pm .ae fabricaœd al COI'RSF enfin, pUces _ me miaoIeas
sabstnle. 80dl me microleoses aDd die F7Jt·s had a focal
lengdl of 1000 l'ID al A = 8SO Dm. "nie MSM die was glued
ad wire boDdecI ÎDIO a sicle bnzed 22 pia duI iD-tiDe l*bP­
1be avenp ctistlllCe &am die top ollbe die 10 me top of die
pKbp wu ......5. IIID (SIaDdard clevialioD = 20 1"11). '!Mtin,

a ....S~"m-dIick spacet necanry. Fil- 3 Ibows die opIicaI
train wbidl~ a liai beam wiIb uaifarm iftwtiance
OaIy die ceanl ... oL die tipi eiDiiiJÏiC froID die 6ber
wu c:apcured by die x40 lIIic:nJIœpe objec:dw. eDlUiÜil a
UDÏfOllll inadiNM'e disuibali_. A very 811 bam.. obaiMd
by JœaitudjDa1Iy IDOViDIdIe x40 lIIiaœcope objecIiYe lIIIIil



Fig:. 3. OpécaJ train for producing nomWl~ incident. ~~t. unifmn irndianc:e
beam.

(a) (b)

Fil- 4. (a) $pol JCDCdIed by FZP iD U(lIla' ripe a1i....... m.k ,..-,.
(b) MicroIeas am)' ddi~ymiyU"'" br ~"ID ID'" .....
doaut sepcaœly.

_A-
l' ..._ ...

,'wœ_ ~ l~----- i ..-~_
" T.;....,; ._ ......_

........ pea.i_-

IEEE PIIOTiONCS 'l'EC1OiOLOGY 1D'IDS. VOL L NO. 7.I....L'Y .,.

of Ibe muuaI zrz s&a&e used). Oivea die aD.... 1Disalip­
meDU Q and /J. a fanber aror or ~ = 4 lAID couJd bave
bem iDaoduc:ecl A.usDlriD'. toU1 error of 1 "... ÛI lIIISt
alipmellt duriDC various devic:e fabricaâoas. die toCII zr
misalïpment~ wu 1bas -9 miaoas for Ibis pIOOf~-

CODIept experimaa. This was veri&ecl by i....n ' die spoIS
OD Ibe MSM's dIroqb • tayWicl micro1eas-bulk leu telay_
AdditioDally. first arder caIc1aJaIiODS reveal &baI1be 12..s-~

spot diameter eorresponded to a 42-Jlm error in =alignmenr
(8].

l'be alipmeDt emn iD future sySIeIDS will be reduoed by
improYÜII die onbopaIity of 1be iDcomiD, bam ad asiD&
lDCft precise positiœiq equipmeIIL

VI. CONa.USION

By usiDl 0Il-die rdeclive cIi1flKIive SII'UCIIIra. • sart
pael anay wu aliped 10 • miCIoJeas anay ia %. •• lad
' •. Funber projeds wiD iavolve oa-die asliplllic FZP'I far
precise iDfonDalioa ma % misaIi......... u iD CD playên (9J.
1bese pacb,ed devices will be used iD experimenls iDvoIviDJ
die anaIysis of opticII crossuJt (or da.ec1iD, misaJjpmept iD
1aIJer sysœms (10).

~ -- r- -~

(~ :." < Donur
<:
. Alipment spot
.-in cSomn
.... -a·.. . -
~E'd •

•

•
the bact focal p1aDe of die x40 objective coincided wilb die
front focal plane of the aipleL ne beam laIDess was masured
wilh a sbear plare inrafaometer aad fOUDd CO be beaer lbaD
..vIa over me regioas of die bam biaiD,lbe f7Ys. MiDw
A was theD adjust.ed to reftect tbe iDcidear beam a-:k ialo Ibe
liber. Swadard inœrferomecric teebaiques WCR used rD easure
that the subsIrale was oormal rD tbe tipt beam. AfterwmIs
the package was brought iD as described ÎD sœp 3 above.

V. REsULTS

Interferometrie measuremeDts illCticued !bat Ibe aaplar
errors were Q = O.()90. P = 0.CJ90. Fi,.. shows imaps
of the f7P-generared spou iD r.be doauts 011 tbe miaoleas
substraœ. Fig.4(a) shows me spoc ÎD die doaut OD Ibe upper
righl baDd corner of me microleas substnœ; a similar piduR
was obWDed for r.be lower left spot.. Fi,.4(b) shows die spoI
del.iberarely misaliped by -tO lJfD Md Ibus faJliD& ou1Iide
the doDU!.. l'be large brigbt smear is due CO die li,. froID die
iIlum.iD.alion LED (.\ = 880 am) which "u also focused by
the reftective fZP. l'be LED wu misaJiped ia onIer IlOt to
bave die brigbl smear drowu our die doDlIl ucI alipmellllp)L

The measured diameœr of die spot iDsicIe the doam was
12.5 pm (±] J'm) aad me spoI wu measured CO be -4 l'ID
off ceuta" (tbis 4 ",m mur wu due 10 die 10.. raolulioa
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• Optomechanics for a four-stage
hybrid-self-electro-optic-device-based
free-space optical backplane

G. C. Boisset, M. H. Ayliffe. B. Robertson. R. Iyer, Y. S. Wu, D. V. Ptant.
D. J. Goodwill, D. Kabal, and O. Pavlasek

We present the design. (abricati~ and testiDc oC optomecbaDic:s Cor a ffte..tpace optical backpl8De
mounted in a standard 6U VME backplane c:husis. Tbe optomechanics implement an optical ÏDten:on­
oect coMistinc oC lenslet-to-Ienslet. as .-eU sa conventicmal Iens-.leos. liDb. MechaDic::al. optical.
electrieaI. thermal. material. and Cabrication constraing 8ft stucüed. DesiCD tracle-06 tbat aft'ect
system scaJability and eue ofassembly are put Corward and analyzecl. N~llDOUDtiD& techniques such
as a thermal-loacled iDterferenœ-fitted leDS-mountina t.ecbnique are presentecl and cliacuuecL Oiag­
DOStic tao" are developed. ta quantily the perfOrm.aDCle orthe optomechan.ics. and aperimenta! resulta are
given and anaIyzed. C 1997 Optica1 Society 0( America

ky wonIa: Optomecban.iCII. d.iagDoeties. aliplMDt. optic:al beckplane.

•

•

1. Introduction

Optical interconnecta promise to alIeviate the trans­
mission bottlenecks that will appear in future comput­
mgsystems as the demand for information througbput
between proœssing elements reacbes ever higher.1 A
major factor impeding progress in the field of optical
interconnects is that of optomechanical constraints.
Real systems will have to be designed to withstand the
rigors ofindustrial settings ifoptica1 intereonnects are
ever to leave the research laboratory. Although the
field ofoptomechanics and optica1 packaging bas been
studied for œnturies2 and is by now a well-established
field with exœ1lent referenœ5.3-1 the field of optome­
chanics as applied to free-spaœ digital optical systems
is relatively new. The novel aspect of the optome­
chanics in this application is that the optics are used
mainly to image large two--dimensional (2-D) anays of

G. C. Boisset. M. H. Ayliffe. B. Robenaon. R.. lyer. Y. S. Liu. D. v.
Plant. D. Kabal. and D. Pavlasek are ..;th the Departmellt orEIec­
trical EDgineering, Mc:Gill University. 3480 University Street, MOD­
tréal. Québec H3A 2A7. Canada- Wben &hW researdl wu
performed, D. J. Goodwill wu with the DepartmentorEIectrical aDCI
Computer EngiDeering. University al Colondo. Boulder. Colorado;
he is DOW with the Department. allntercormect TedlDoIocy. NOI1el.
P.O. Bœ 3511. Station C. Otta... Ontario KlY 487, Canada.

Reœived 11 Deœmber 1996; ~ViMd manUlCript reœived 6 May
1997.

0003-6935/97/297341-18110.00/0
C 1997 Optical Society or America

bea.ms. Several sophisticated digital free.spaœ opti­
cal interconnect demonstrators have been described in
the put.8-11 along with optomechanics in such
demonstrators. 12-15

This paper analyzes the optomechanics of a four­
stage hybrid bullt-Ienslet free.space optical back­
plane demonstrator system nearing completion.
The system is implemented in a unidirectional ring
and comprises the optical interconnection oC four
hybrid-self-electro-optic device (.sEED) smart-pial
arrays. A bybrid combination of microcbannel re­
lays and conventional (bulk) relay lenses was used to
interconnect the smart-pixel arrays. This system
built on the previous demonstrator systems refer­
enced. above and introduces several new features,
such as vertical mounting ofthe baseplate and instal­
lation of the system in a standard backplane chassis.

Additionally, a realistic system must remain opera­
tional even if roughly handled, and Most electronic­
computing systems todayare exposed tD mecbanical
vibrations originating from sources sucb as cooling
fans blowing air over components; as the power con­
sumption of components increases in future systems,
these cooling considerations will become ever more im­
portant. As a result. future free.spaœ optical inter­
connecta will have to maintain tbeir alignment and
function in such a vibratory environment itthey are to
gain widespread acœptance. Moreover. diagnostic
tools to quantify the optical misalignmenta, if' any,
caused by shock and vibrations will bave to be devel-

10 Odober 1997 / VOL 36. No. 29 1 APPUED OPTICS 7341



•
oped. This paper a1so describes the design and im­
plementation ofan optomechaDics diacnostie system.

The paper is structured as (OUOW5: In Section 2
we give an oven"'Ïew of key system aspects. In Sec­
tion 3 we examine the bulk relay and the baseplate;
in Section 4 we describe other modules. In Section 5
we explore the key issue ofinterf'acingoptoelectronics
to optomechanics by use ofa daughterboard. In Sec­
tion 6 we describe a setup used. to measure the per­
formance of the daughterboard mounting technique.
In Section ï \lOt? gh-e experimental resu!tE a..'1d folIo""·
it with a conclusion.

2. System Ovet view

The optica1 backplane was designed to implement a
ring optical interconnection of four optoelectronic
chips,16 with each chip having 16 channels modulated
at a maximum rate of50 MHz. AB a resuJt, the peak
theoretica1 bisection bandwidth of this demonstrator
system was approximately 1.6 Gbits/s, which is com­
parable with middle-of-the-line backplanes available
today.17

The principal optical-packaging and optomechani­
cal objective wu ta intermnnect optically (our
printecl circuit boards within a standard 482.&mm
(19-in.) 6U VME17 commercial backplane chassis.
Fitting the system into the 6U chassis was a llelf­
imposed design guideline to malte the system me­
chanically compatible with many systems round in
the field today.

An objective wu also to separate the optics from the
electronics so that. eventuaUy, a user inserting a 6U
circuit board ~to the backplane would see a com;en­
tional VME backplane en'w-ïronment-from a mechan­
ica1 and electrical de power perspective-whiJe
acœssing the tremendous bandwidth otrered by the
free-spaœ optical interconnect. In our system, this
was accomplished by use ofdaugbterboards and moth­
erboards. The hybrid-SEED optoelectronic chîpslS
were glued and wire bonded to the daughterboards
residing in the opticallayer; the daughterboards were
then linked to the motherboards by means of a short,
impedanœ-matched high-speed ribbon cable. As bas
been demonstrated previously,I8 this technique for ïn-

... tC C_"'-~'-'E X ic:-f'ARA....et: -<OlE .!'o~:>~rr MCG:~l ...;" ..... e .... s:'ty P....ctonlC Sys:eM5 G"'O~P 1,,~ O~',IC C:"lIi:>:::'",,,,s "-C"T..s
r~ee-Scc.ce> Co~:cat Bac~olC1"e p~o IE?C't 1~OT .cq ~lIrS ='A5·E...·...~ n 3...e ~ Ne • _. --o-..:cq

~IC ::lE!..AY cow~ ...-s 'C ~ ~ '--~.. :::.>-!~"T xsc.~ Phc.SE? :r CC:Cl"'ecr.Cf"lICS Assel"'biv J~c..:I"'lC'rQA SCQ(r.; CE·.....~ ~ ::>O.AN(
(;~ ~;.' ~""t( ~ :r ~'C-".(,,~... 140_(5 rOll :e .~E........c:; sc~
~ 3..!: rltOt T- ~ V~ ~(~Ç1\I( ~ ::S l_llIO aSSMBL-1 1~ 1t<ll.ES r~ ::6 -ASt:!'c"C;~

-.3Q-n... '"OtES r:::;~ :::e ''''SE~'Ofo SIl[ .. 5/A".~sv';6 1 $loErtl.' i

AS ,,10-• .,.. ,,',.!~o( ~L&

c:..E..... "O'~i ... =-~~ .~.. ':-- ',,01.'. ? __< ~:.....:.'"

"'OU ~PL..l'~ ~o : ...r.ss;
.-.ot.i:'lo _'C 1
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Fig. 1. Simplified 3-D system·...mbly clrawiDc. PM. polarization maintaininc: SM.. single mode; FC. &ber c:onnecteel. QWP. quarter­
wave plate; OPS. optical power suppl)-: RBS. Rialey beam lteerer; PBS. pol.ariz:inc beam splitter; 0. cliameter; DB. daughterboard; MB.
motherboard; OB. outer barrel: BLK. bu1IL
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optical backplane allowecl for mechanical decoupling
between daughterboard and motherboard while main­
tajnjng full electrical integrity between the two, p~
vided the cable was short enough: An 8-c:m length
(-3-in.) was sufficient for the expected 5O-~fHzmaxi­
mum dock speed. according ta commonly used criteria
Cor transmission-line integrity. t9

System scalability was also a key goal. The dem­
onstrated system occupied approximately the top half'
of the 6U chassis (wruch could therefore allow an
ider.:lcal ~y~:,,;,:-: h: 'X·C'.lpy t!1t.' h.:.:: -~. ~L'l::-, .~:1d f~.l­

tured expansIon slots for interconnection of more
boards if50 desired. A simplified assembly drawing
of the system is shown in Fig. 1. The S)-stem opto­
mechanics had ta accomplish the following tasb:
(1) mechanically support the optics while respec:ting
aI.I tolerances demanded by the optical design, (2)
support the packaged optoelectronics and interface
them ta the rest of the interconnect. (3) act as an
interface between a commercially available electronic
chassis and the rest of the system, and (4) integrate
diagnostic optics and electronics for alignment and
system characterization. The system as a whole had
to he rugged. scalable. and easily assembled. The
optomechanics were modularized as much as possible
to facilitate assembly and alignment.

A key feature of this system was its three­
dimensional (3-D) nature; to facilitate the discussions
in this paper, it is necessary to define a frame oC
reference, whichis shown at the bottomofFig. 1. As
can he see~ in this system the main relays that are
based on bulk (conventional) optics and that impie­
IIlent the optical ring were in an x-y plane. How­
ever, the optical power supplies (OPS's), which
illuminate the modulatar chips with an array of cw
power beams, as weil as other relays such as the
microchannels. were parallel to the z aJris. Rota­
tional directions are also defined. For exa.mple, 8,. is
the angle of rotation about the y axis. Figure 2
shows a picture of the system.

A brief overview of the optical layout is DOW pre­
sented. Figure 3 shows an unfolded view of the
overall four-stage system with one oC the four OPS
modules explicitly drawn. This unfolded view ofthe
3-D system is slightly misleading sinœ the OPS's
should actually he coming into the plane of the paper
and the daughterboards should he paraDel to the
plane ofthe paper. not perpendicular, as is implied in
the unfolded view.

A close-up ofa hybrid stage-to-stage relay is shown
in Fig. 4. Gaussian beam-propagation models were
used in the design of the system. At each stage,
lenslets were close ta the smart-pixel deviœs to be
able ta collect the beams and reduœ their numerical
aperture, and bulk (conventional) lenses20 relayed
the beamlets from one stage to another. The lens­
lets reduced the numerical aperture oC the beams
relayed by the bulk lenses to Jess than 0.025. AlI
lenslets were 125 JLID x 125 JLm eight-Ievel diffractive
stnIctures with a focal length off ... = 768 J.LIn at À =
850 DlD. Lenslet array 1 (LAt) consisted oCalternat-

Fig. 2. Pbotocraph ofthe system mounted ina staDdanl431·mm­
wide (17-in.-wide) 6U VME cbauis.

ing 1 X 8 lenslet strips and pixellated mirror strips
123 .,un wide X 1 mm high. Lenslet array 2~
consisted oC an 8 X 8 array oC lenslets. 'I1lese are
shown in Fig. 5. Additionally, alignment Ceatures
were placed around the peripheries oC the arrays.

The fiber-œnnected OPS generatecl an 8 x 4 arrayof
right-hand circuJarly polarized cw beamlets at the
power-array plane that was relayed by LAt and lAz to
the smart pixel. The beamlets were then modulated
by the chip, relayed througb LAz. and im.apd by the
bulk relay to stage 2. At stage 2, the beamlets were
re6ected by the polarizing beam splitter (PBS), then
reftected off the pixellated mirror on LAt. and finally
imaged onto the reœiver on board 2 by means of~.
The polarization components, namely the quarter­
wave plates (QWPs) and the PBS were used for beam
combinations, as discussed in Ret: 21. '(he optical
microlens relay was designed to reJay the beams using
the maximum lens-w.waist configuration.22 Tilt
plates and Risley beam steerers (RBS's) were included
for alignment purposes. The dimension oC the array
of beam.lets was nominaUy 1.2 mm X 1.2 mm.

Space constraints were such that the aperture stop
for the bulk interconnect Iay between the PBS-QWP
assembly and the RBS's at the entrance to the lenslet
barrel (described below). This stop was 4.10 mm in
diameter. To a first order this left an -SOO-JUIl
clearance between the edge of the outermost beamlet
and the stop. As a result, any offset greater than
500 JUIl on the bulk interconnect would lead to con­
siderable clipping of the outermost beamlet. How­
ever, as we show below, the alignment budget
permitted only a smaller misalignment of 220 fLm at
the pixellated Olirrors, since this was the maximum
travel oC the tilt plates.

This paper does Dot present a detailed analysis of
the optical system. However, there were severa! mt-
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•
ical and extremely tight optomechanical-alïgnment
toleranœs that inftuenœd much of the design and
must he given here. These tight toleranœs were
driven by the extremely smaU size oC the multiple­
quantum-weIl windows that ail beams had tD bit.
The multiplEH:[Wl11tun1-well windows were 20 f.LDl X 20
JLDl (Rer. 16), and the beams incident on them had a
nominal diameter (99% encirded power) oC 19.5 ...,m.
This situation imposed extremely tigbt toleranœs.
which are given in Table 1. Among other toleranœs
given, Table 1 indicates that the lateral-alignment
(r-y) error between the microlens array and the
smart-pixel deviœ array had to be <1 JLII1 ta keep
losses !rom misalignment to less than 1% optical
power. Other demanding toleranœs were the lenslet-

~lenslet alignment toleranœs, key values oC which
are given in Table 2. As can he seen. the bulk iDter­
connec! tolerances (-220 ~) were much looser than
the lenslet-deviœ tolerances (-IIUD) or the lenslet-to.
lenslet toleranœs (-5 f.LIIl).

3. B8"", Md BuIk Relay

A. Baseplate Description

The baseplate was the central pieœ of the optome­
chanics and aeted as the support structure for the
entïre optical-optomechanicallayer. AIl other opro.
mechanical and optical components were either at­
tached to the baseplate or locked into barrels attached
to the baseplate. The baseplate. a simplified ache-
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Degree of and Toleraaœ Board PositioD Board Position
Freedom to be Met beCore Gluinc aftB Gluinc

~r~1 0:1 0:2 3.2: 3
.1.1' (.,.ml 0=1 0:2 -2: 3
Z3 (J&.Dl) 886 : 15 887 -: 15 875: 15
nIt 8... 00 : O.s'" 0.06'" : 0.1 11 0.55-: O.zr
nIt 8" oe : O.s- 0.04- -: 0.1- 0.1S- -: 0.14'"

:t::'"!:'·'.l:"'·~ \,\.::=: :a~,,=._ ..... '- _ .4.-'"' . - : .. ~~._--~ : ::-~~~.-:.' ::-~.

colu.mn.:s 2--t mà.lcac.e la, cne PosltlOrung obj«tl",-e tD he met for a
<le.. lou, tb) the IDeUl.lreDJent .ben &he baud ia beld at ita
Dominal position by &he pœitioaiDc stqe aad Ï8 about to be llued
to the optom.,mania, and le) die final pœitioD after the claqb­
terboard i5 gfued tG die apco.........nics aDCi the stace ia removed.
respectively. The parameters.1.r and.1y were measured 9 .eeb
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Fig. 5. Lenslet.array schematics: <a) lenslet array l fLA I ) and
(h) lenslet array 2 (~.
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Position and Tolerance to be MetDegree of Freedom

mounting the bulk optics (described in Subsectîon
3.C.2).

The main outer barrels, each one containing an
OPS and a microlens relay, 6t into the hales labeled
L in Fig. 6, whicb were 30 mm in dïameter. Ofthese
six hales, four were used in the actual system (those
at % = 75 mm and % = 215 mm); two others (at % =
355 mm) were kept for future system expansion.

Many boles and slots were included for diagnostic,
assembly, and alignment purposes. Additionally,
magnets were glued into hales macbined at the back
of the baseplate. They served ta keep the bulk­
mounting rads (described below) in place on the ver·
tical baseplate during assembly, until the bulk
components were bolted onto the rads.

B. BasepJate Machining and Characterization

Machining of the baseplate was penormed as foUows:
The Magnesium plate from which the baseplate wu
machined was damped to the apron of a DRC 600
(Bridgeport) rnjlJing machine, and tbree 9-mm-deep
main cuts in. the Y direction were made; these are the
cuts tbat most afrect baseplate bowing in 8r Most of
the smaller cleanmœ slots for the bulk-barrel screws
were &Iso machiDed At this time. A fty~r finish
(witb the cutter tumiDg at 1200rp~ a feed rate of152
mm/min, and a cut depth of125 JUIl) ensured a smooth
sunaœ for subsequent ftatness measurement&.

The ftatness of the baseplate was measured in the
main slots (in the % direction) aJong the two lines AA'
and CC', as shown in Fig. 6. For performing these
measurements, the baseplate rested on a granite

'"Tolerances (or lenalft"'*lenslet alipmeDl .. impoeed by the
optical design; z 1 aDcl Z2 are as definecl in F"'C. 4.

f
1 mm

@ @ @ @ @ @ @ @
@ @ @ @ @ @ @ @

@) ® ® ® @) ® @ @)

@ @ 0 @ @ 0 @ @

@ @ G) @ @ G) @ @

@) ® ® @ @) CV @ @)

@ @ @ @ @ @) @ @

@ @ @ @ @ @ @ @

....41--- 1 mm - .......~

(b)

matie of which is shown in Fig. 6, was 431.8 mm (17
in.) long (the inside of the standard VME rack is 50.8
mm shorter than the outside because of mounting
flanges), was mounted vertical1y into the chassis, and
was bolted to the side panels of the chassïs.

Previous free-space optical-switching demonstra·
tor systems used aluminum or steel for baseplates,
but it was detennined that neither ofthese materials
was suitable for production.12 The baseplate for this
system was made of magnesium AZ31B; the main
reasons for choosing this Metal were its ease of ma­
chinability, its lightness, and its low residual stress,
whieh mjnimizes the need for stress reliefwhen com­
pared with other metals.23 This type oC metal bas
already been used in applications such as lens mount­
ing.2" Note that Magnesium is softer than other fre­
quently used materials: The Brinell hardness
number (BlIN) of magnesium is 82, compared witb
95 for aluminum 6061-T6 or -200 for 1080 steel (de­
pending on drawing and other processes). This soft­
ness makes magnesium easier to machine but more
easily dented,25.26 which prompted the use ofrods for

•

•
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measuring slab and a level indicator was passed
along the bottAlms of the slots at approximately the
place where the rods holding the bulk barrels made
contact with the bottom of the slot. The maximum
deviation was -125 ..,.m from one end ofthe baseplate
to the other and was considerahly less over the
stretch (-50 < x < 275 mm) where the bulk relay
actually resided. The use of rods (described be1ow)
for bulk mounting further helped reduœ the efrect of
baseplate irregularities on the optical axis by aver·
aging out surface irregu1arities. The repeatability
of the flatness measurements was better than 10 JLII1.

These flatness values were weil within the overall
bulk interconnect alignment toleranœ budget.

c. Bulk Barrel Assembfy

The bulk lenses, RBS's, and tilt plates were mounted
into their respective holders. Afterwards, as can he
seen from the assemb1y drawing (Fig. 1). the mounted
bulk lens and a pair of mounted steering elements
(either a pair ofRBS's or a pair of tilt plates), respec·
tively labeled components 13 and 14 in Fig. l, were
inserted into a modular bulk barrel (component 12).
This bulk barrel was then bolted to the baseplate.

1. Thermal Effects in Bulk Relay Lens Inner
Mounting
Although Many techniques exist for mounting lenses
into cells,3 none ofthese techniques teft enough room ta
fit the bulk lenses and the steering elements (either
RB5s or tilt plates) between the bulk tuming mirror
and the daughterboard. It was thus decided to forego
any retaining ring and instead hold the lenses in their
cells by use of the force of an interference fit between
the outer diameter of the lenses, ODu:ss. and the
inner diameter of the cells, IDœu.. as shown in Fig.
7. In other words, ODLENS - IDcELL = l, where 1 is
a positive number called the înterference. Interfer·
ence 6ts are frequently used in industry to maintain
a constant bore pressure in hole-shaft, assemblies;

Fig. 1. BuJk tens and bolder WIed !or the FNI interferenœ-fitted
Jens hoJder. For an ïnterferenœ fit. ODu:NS :> IDCELL•

the differenœ between mjnimum and maximum val­
ues in the machining toleranœs is kept small.25

The ODLENS of the eight bulk. reJay lenses in the
system were measured to be between 12.468 and
12.479 mm (:!:2.5 JLlI1).

The use of interference 6ts posed severa! design
challenges, Most oC them related to thermal issues.
The first challenge was assembly. To first put the
lens into the œll, we found that the easiest way was
to heat the cell (but not the 1ens) to make it expand
and then to insert the Jens. As the cell cooled and
shrank, the lens was held snugly.

Another challenge was the choice oC material.
The material chosen for the œil ended up being Del·
rin.27 Its main drawback, namely. a high coefficient
of thermal expansion CTEnEL = 97 parts in 106;oC
(ppm;oC), was compensate.d by its low cast, immedi­
ate availability, ease ofmachining, and low Yo~s
modulus (in bath compression and tension) ofEDEL =
2.76 GPa, which reduced the stress caused by ther·
mal mismatch. In comparison. the numbers for the
glass of the lens were similar to those of BK7:
CTELENS = 7.1 ppm;oC and E LENS = 81 GPa.

Using an interference fit with two such thermally
mismatched materials can cause two main problems:
(1) As the temperature T increases, the interferenœ 1
decreases. Eventually, at TraD the lens can simply
faU out. (2) As T decreases. 1 ïncreases, causing se.
vere radial stress_ This can lead to birefringence
and possibly dam&ge to the cell, the Jens, or bath.

Machining one different cell for each lens would
have been prohibitively expensive. 50 one value of
IDcELL at 20 oC, IDCELL20' wu chosen Cor all œ1ls.
The basic criterion for computing the nominal value
of IDCELL20' was that, at a maximum operating tem­
perature T~. the interference should still lead to a
FN1 interference fit (2.54 lLIIl < 1 < 20.3 pm) for ail
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(3)P = T/(KD).

cen with the lens in it was rotated. and the movement
ofthe spot caused by the focused beam was observed in
the focal plane. The spot traced out a cin:Ie with a
radius of 3.5 J.UIl (=1 JLDl). Sînœ this passive­
mounting technique cannot correct for defects within
the lens, such as the intrinsic wedge angle orœntering
of the lens optica1 axis with respect to its mechanical
axis, these have to he added to obtain a true pic:ture of
the œntering acxu.racy. For the CWTent leus, these
additional factors could have added up to 10 f.LDl to the
radius of th€' cirde- tracE'd out h\- the ~oot.~· ('l1n,l'­
quentiy. tru::- ~~ .1 ~::~.:.? ..iIHi rafHd tech..ruque fÙI" use
on1y with good~ty,well-œntered lenses; as a re­
sul~ the technique demonstrates that the caet of lens
mounting can be pushed back from the optomeclV'Dical
assembler to the lens and œIl fabricators.

In another experiment~ a mounted lena with an
outer diameter ofODu:ss = 12.469 mm. at 20 oC was
heated until the Iens feU out. The lens did indeed
raIl out at T fall = 100 oc := 10 oc, showing tbat the
technique worked as expected. This mountïng pro­
cess illustrates the compromises between ease of as­
sembly, operating temperature, material selection,
and tolerances that must he considered when design.
ing and building optomechanical componenta.

2. Bulk-Barrel Mounting
After the bulk barrels were assembled they bad to he
mounted onto the baseplate in their proper PJSitions.
As with other similar systems,8 slots were eut into the
baseplate and the bulk barrels rested in tbese slots.
However, given the vertical mounting and the rough
handling the system was expected to reœive in the
chassis, the standard magnetic retaining techniques
used in Many other digital free-space optical intercon­
Dect demonstrations8·10•11 were rejected; iDstead, all
bulk-relay compoDents (bulk barrels and mirTors) were
bolted into the baseplate. Furthennore, the barrels
were Dot in direct contact with the edges of the slots.
Insteadt hard, precision-ground stainless steel rods 6
mm. in diameter were inserted into the slots and the
components rested on the rods. as shown iD Fig. 9.
Such rods are cheap and readily available.29 The
outer-diameter toleranœ of the above rods wu +0 to
-10 JLDl, and the outer diameters of the macbined
outer-barrel campements were measured to have a de-­
viation oC =10 JLID !rom their nominal 30 mm.

Machining tolerances were the most important fac­
tor aff'ecting the height of the optica1 axis. Other
physical parameters were nonetheless studied. as they
gave insight into the design. One ofthese parameters
was the deformatioD of the barrels arising (rom the
holding force exerted by the screws. If we assume
that the screw threaded into the hole in the barrel can
he modeled bya Dut-boit fastening, the holding force
P exerted by the screw can he estimated to beJO

For the 4-40 screw used, T is the installation torque
(nomjnalJy 0.6 N • m for an 18-8 steel~ acrew), K
is the torque coefficient (-0.15 for plated 6Dish fas-

(1)

(2)

lenses. This fit~ describecl as a light drive fi~ is used
for permanent assemblies and produces a light as­
sembly pressure.25 The maximum operating tem­
perature Tmax was chosen to be 85 =C sinœ this is the
maximum tolerable case temperature for a
commercial-grade Pentium Pro.28

The relations for calculating the radial stress in the
lens, SRLESS' and in the œIl wall, SRCELLo are3

(b)

~tg. 8. (a) Curve relating the radial stress on the components 10
the lens outer dïameter. (h) Curve relating the temperature at
whicb the lens falls out 10 the lens', outer diameter.
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where the œIl-wall thickness te is nominally 6.3 mm.
Given the above, IDCELL20 was calculated. to be

12.397 mm, and Fig. 8 shows plots of the stresses on
the œil and Iens [Fig. 8(a)] and ofTran [Fig. 8(b)] as a
functiOD of ODLENs• The bands above and helow
each solid eurve represent the etTect of a machining
error of ~12.7 JoLm on the value of IDCEU20• It can
be seen that a smaller œU inner diameter leads to
greater stress and a greater Trall• As a result, in the
worst-case combination of lens toleranœs and cell
inner-diameter toleranœs, the interferenœ can falI to
zero and the lens can falI out of the holder at 72 cC.
At the other extreme worst case, the radial stress in
the œil can reach 38 kPa, which is slightly over half
of the 68-kPa nominal tensile strength of Delrin.27

In all cases, calcu1ations3 revealed that the stress­
induced birefringence was negUgible.

Experimental validation was conducted on this tech­
nique. In the first experimeDt, the lens was mounted
by use orthe technique descnDed above in this subsec­
tion. A beam was then passed through the lens, the

•

•

•
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baseplate

~6mmrod---

Fig. 9. Technique for mounting bu1t-interconnect mmponents
ooto a vertical basep1ate- The bulk barrel bal an inner diameter
of25 mm and an outer diameter or30~

teners), and D is the nominal screw diameter (2.79
mm for a 4-40 screW).30 This yields P = 1434 N
CM = 1434 N/9.8 = 146.3 kg).

This exerted force can damage the barrels, the
rods, the baseplate, or any combination of these by
causing indentations in the material. The Most crït­
ical interface is between the banel and the rods, and
the damage to this interface cao he estimated as fol­
lows. By use of the BHN's, the surface area A of the
indentation in the barrel caused by the bard steel
rods biting into the barrel cao he approximated as31

A = 0.5 x M/BHN, (4)

where the factor of0.5 is due to the fart that each rad
exerts only half the forœ on the barrel.

Using a value of BUN = 95 (Ref. 25) for the
6061-T6 aluminium used in the barrels means that
the surface area A sbould he 0.5 x 146.3/95 = 0.77
mm2

• Further geometrical analysis indicates that,
for a line contact of 13 mm (the length of the barrel)
and a rod diameter of6 mm, the drop in the heigbt of
the optica1 axis resulting !rom indentations is of the
orderof1~,which is less than the machiningerror.
This drop was further reduced by anodization of the
barrels: Anodization increased the bardness of the
barrels, thus reducing indentations in the barrels to
negligible leveLs.

To summarize, the considerable forœs involved in
bolting the bulk barrels down onto the baseplate
caused no significant damage 10 any component. It
will he seen below, however, that the force involved in
bolting a daughterboard to the optomechanics caused
significant problems. Other forces, such as the force
exerted between baseplate and rods, were spread over
the length of the rods and as sueb muid he neglected.

O. Bulk-Tuming-Mirror Alignment

The optical system was a closed-loop ring system.
As sueb, tuming mirTors had to he installed at the
four corners of the optical system to close this loop.
Since errors in mirror alignment could be corrected
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only by the bulk RBS's and tilt plates. wbidl had a
wedge angle of 10 and a tilt angle of 10-. respedively,
it was imperative that the mirrors he aJigned as eare­
fully as possible to reduce the travel requ.irements of
the steering optics. Additionally, the mirrors had to
he arranged 50 as to eliminate rotation oC the 2-D
array of beams.32 In the overall system-assembly
sequence, one of the first steps was mountïDg of the
bulk turning mirrors onto the baseplate, as outlined
in Fig. 10. This subsection describes the process.

Before aS5embly \\"3.5 5tarted. aIl the mirrors wer-e
glued to their holders, which allowed for two degrees
of freedom in tilt and rotation. Aligning the four
mirrors into a loop presented a certain problem. In
a system sueb as this, the slo15 in the bueplate can
he used to locate the optical axis as it gœs tbrough
four 90° tums in the loop. Apertures plaœd along
the slots or along meclumica1 extensions ofthe slots
can he used to de6ne the optical axis; the fiuther the
apertures are from each other (i.e., the pater the
lever arm), the better the optical axis caD be defined.

It is therefore plSSible for one to align the mirrors by
launching a referenœ beam tbat is known to be on axis
and monitoring the reftected beam on an aperture far
from the baseplate. However, this procedure works
for ooly the first three m.irTors; placing the fourth mir­
ror closes the loop, and a lever arm longer tban the
baseplate cannot he usecL For avoiding this problem,
a technique ÏDvohing a pellicle was used.

With no mirrors on the baseplate, a refereaœ beam
was launched down the barrel ofthe peIlicle bolder, at
the end of which was fixed a 70/30 (transrnissive­
reftective) pellicle, as shawn in Fig. 10. Seventy per­
cent ofthe beam went through (beam 7'), and~ was
reftected toward position 1. Using customized align­
ment apertures on the baseplate and aJODg tbe optical
bench allowed the pellicle holder and incom.ingbeam to
he adjusted until they delivered a beam that wu œ.
axial with the optical axis on the baseplate. The
heam was paraIlel 10 the ideal bulk optical axis to
witbin a few minutes and was less than 50~ offaxis.
Afterward, bulk tuming mirror 1, in its holder, wu
instalIed. Alter adjusting the mirror so tbat the re­
ftected optical beam going towanl position 2 wu again
paraIlel to and on the uis, mirror holder 1 wu bolted.
This procedure was repeated for mirrors 2 and 3. For
the final min'Or bolder (4), the reflected beam RI wu
observed and the mirror holder was adjusted sa as to
rnjnjrnjze the angle ~; mirror holder" wu tben bolted.
The pellicle thus bl'Ought the referenœ beam ofr the
baseplate and allowed for a lever arm ta imprm·e the
accuracy of the alignment.

Figure 11(a, shows spots resulting from beams T,
RI' R2 , R3 , ••• , which are Pl'Ojected. onto a sc:reen 3 m
from the baseplate. This large (3-m) di.staDœ allows
a lever effect to m.agnify the error in p. To obtain
this picture, mirror 4 was deliberately misaligned;
the actual alignment, which was much tighter (p <
0.05°), was similar to that shown in Fig. 11(b). This
misalignment was suBiciently small for eventual cor­
rection by the bulk RBS's and tilt plates.



•

.'
F"JC. 10. Setup for mounting and aligning bulk turniDg mirrors on the baseplate.
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Fig. 12. (a) Lenslet-PSS barrel lb) Lenslet-PBS barrel with
the PBS mounted. (c) LensJet-PSS barrel with the !enaleta
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4. Other Modules

This section covers the optomechanics associated
with other key modules. It concludes with a first­
order alignment-tolerancing analysis.

A. Lenslet-Beam-Splitter 8arTet
A simplified drawing of the lenslet-beam-splitter
barrel is shown in Fig. 12(a). To assemble the uni~

we first aligned the PBS with the QWPs mounted on
it (PBS-QWP) and then glued it inside the slot, as
shown in Fig. 12(b). With a customized setup, the
PBS was glued with an angular error of 8y < 0.050

•

The lenslets were then glued to the faces ofthe barrel,
as shawn in Figure 12(c).

We met the demanding lenslet-to-Ienslet align­
ment tolerances in (x, y) listed in Table 2 b}p building
a separate prealignment and imaging rig. The 001­
erances in the spacing (Z2 = 6.98 mm; Fig. 4) between
the lenslet arrays, as weil as the relative tilt (8z and
ev) between the lenslet arrays, were dictated by the
rilachining tolerances, which were ~ 10 JLDl for this
case. These tolerances were weil within those de­
manded by the optical design. When the lenslet­
bearn-splitter barrel assembly was complete it was
inserted into the outer barrel; these components are
pieœ5 Il and 10 respectively, in Fig. 1.

T.R •.R2.R3.'-
(a) (b)

Fig. 11. Resulta orthe alignment orthe bulk turniDc mirror: (a)
mirror" greatly misaUgned and (h) minor" at iu optimum aUp­
ment.

•
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The optical microlens relay, which was designed to
relay the beams by use ofthe maximum lens-to-waist
configuration,22 also exhibited. another interesting
characteristic: lfwe letz2 ' (=5.41 mm) he the opti­
cal distance hetween actual LAt and ~ and Z3

(=886 J.LID) he the optical distance from~ to the
devïœ plane. then Ilz2 ' + 1/z3 ..... 1If.,.. As a resuIt,
each lenslet on~ imaged a part ofsubstrate 1 and
relayed it to the deviœ plane. These relayed images,
with backillumination shown in Fig. 13, clearly indi­
cate the strips of pixellated mirrors and lenslets on
LAI' In addition, the beamlets from the power·
array plane clearly appear as bright spots coming
from the lenslets. This qualitatively demonstrated
that the lenslets were properly aligned and was of
great help during system alignment.

B. OpticaJ Power Supply

The OPS contained lenses to collimate the output
from the liber, a multiple-phase grating as a fan-out
element, a Fourier transform lens pair, and addi­
tional components for beam-steering and polarization
control. Each OPS barrel was 80 mm long. Each
fully assembled OPS was prealigned separately and
inserted intD an outer-barrel assembly (components 8
and 10 in Fig. 1). At the end oC this assembly se­
quence, therefore, each outer·barrel assembly con­
tained a lenslet-heam-splitter barrel and an OPS.
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The outer barrels were then inserted into the base­
plate. A full analysis ofthe OPS performance is the
subject of another paper.33

c. Bulk-Interconnect Tolerancing

As shown in Fig. 4, the bulk interconnect had to relay
the beams emerging from stage 1 onto the pixellated
mirror of stage 2. The two bulk tilt plates, each
l.5-mm-thick SFIO (n = 11.71) glass at a 10C tilt,
could each move the beam array approDmately 110
..,m at the pixellated minor. By rotation of the tilt
plates such that their individual contributions can·
ceUed, it was possible to move the imaged beam array
by 0 J.l.m at the mirror plane; conversely, they muId
also he oriented such that they gave a total displace­
ment of 220 .,un at the pixellated minor.

An ideal system would require no correction that
was due tD misalignment. In the present nonideal
case. the following factors-mentioned in Section 4
above- contributed ta misalignment. which had 10 be
corrected by the tilt plates: machining errors affect­
ing the outer diameter of the bulk barrels and the
depth and width of the baseplate slots (-25 JLID), the
I~nteringerror (-10 J.l.m), rod defonnation (-10
fUD), baseplate-bow errors (-50 J.I.D1) from inserting
the beam splitters into the outer barrels (-50 fUD,
total), and alignment errors in the bulk mirrors (-50
fUD). To a first~rder approximation, these enors

,,
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•

•

could have caused a total alignment error oC90~ (in
quadrature addition) in addition to aberrations. This
alignment error is corrected easily by the tilt plates.

s. Daughtetboatd Mounting Techniques
Mounting the daughterboards to the op1omec:hanics
was the Most critical step of assembly since it ïn­
volved interfacing the optoelectronics to the optome­
chanics. This section describes the various
techniques implemented and the challenges that had
.,-, ~o:." ,)·.-ercome.

A. Procedure

This operation, whic:h wu performed four times, once
for each daughterboard, wu the Most delic:ate of the
entire assembly. The key components are outlined
in Figs. 14(a) and 14(b) in a rear view and side view,
respectively. In short, the daughterboard wu at­
tached to an interface pieœ calIed the daughterboard
clamp, which wu bolted to the baseplate.

The optical design specified that the smart-pixel
device plane he Z3 = 886 :!: 15 pm away !rom the
microlens array and that the %-y alignment error
between lenslets and smart-pixel deviœ windows he
of the order of 1 JLID, as shown in Table 1. These
very tight alignment tolerances were required 10 re­
duce the loss of optic:al throughput resulting from
daughterboard misalignment ta below 1%. Mis­
alignments greater than those given in Table 1 will
cause a loss greater than 1%.

Sïnœ there were very few optoelec:tronic chips or
lenslets available, it was decided that the step of
gluing~ to the device packaging would not be per­
formed.. Rather, a four-step assembly sequence was
implemented. With the daughterboard mounting
clamp a1ready bolted to the baseplate, the objective
was to align the daughterboard ta the optomec:hanics
and fasten it to the daughterboard clamp.

First, the device die was mechanically aligned,
glued to the daughterboard to better than ISO~ of
its nominal position,34 and wire bonded. In the sec­
ond step, light wu launched inm the OPS. 'lbe OPS
RBSs were aligned such that the beams went
through the microc:hannel relay and onto the plane
where the optoelectronic devices were to he located.

In the third step, the daughterboard was coupled to
a six-d~f·freedom (~DOF) precision-positioning
system and aligned to the optical beams as follows.
The daughterboard was adjusted in o1z, 8x ' and 8,. until
a traveling microscope setup indicated that these three
degx ees of freedom were within the desired toleranœ.
When these th.ree tolerances were achieved, tbree set
screws emerging from holes in the daughterboa.rd
clamp (the holes labeled G in Fig. 14) were adjusted
such that the set-screw tips just barely touched the
front of the board. These three sc:rew tips thus de­
fined the proper plane ofthe daughterboard relative to
the optomechanics. As a result, during the rest ofthis
step the daughterboard never actually touched the
clamp, but rather rested and slid on three points ap­
proximate1y 1 mm in front of the clamp. The 8z ac­
curacy then was verified by use ofthe imagingsystem.

Finally, the highest contrast ratio of the modulatecl
beams muid he used to indic:ate the optimal%-y align­
ment of the beams to the deviœ windows.

In the fourth step, after the toleranœs in the six
degrees of Creedom were met, the daughterboard,
which wu still coupled to the six~egree..of.Creedom
stage and just barely in contact with the three sc:rew
tips, was fastened. The six~egree..o(-freedomstage
was subsequently decoupled from the daughterboard.
This fourth step. namely fastening the aligned
d~u~hte!+"~!'"~ :.-, :h.:, ·-·otti:":'h.:ch:mic5=. W3.~ the rr:.'")~:

proolematlc of the entlI'e sy:stem-a.s.sembl~jsequence.
Two techniques were trïed to fasten the board prop­
erly; they are described in Subsection 508.

B. Oaughterboard Fastening Techniques

1. First Daughurboard Fastening Technique
Bolting
In this technique, three additional screws were used.
Fastening screws with large heads were inserted into
the clearance holes labeled H in Fig. 14 in the daugb­
terboard and screwed into the holes labeled J in the
clamp (the diameter oCthe fastening-screw heads was
greater than that ofthe holes H 50 that the fastening­
screw heads rested against the bac:k aide of the
board). The fastening screws were then tightened
50 that the daugbterboard did not simply l'eSt on but
rather was pressed very bard against the set-screw
tips of step three above.

This technique proved to be very cumbersome and
had fundamental problems. If the fastening screws
were tightened too muc:h, the daughterboard moved
during tightening, causing the board to be boltecl into
an improper position. If, on the other band, the
holding screws were not sufticiently tightened, the
board drifted over time. Experimental results indi­
cating the drift are given in Subsection 7.B. Com­
promising between the two extremes in tightening
the screws led to an unsatisfactory result in which
the board moved slightly during tightening and
drifted slightly afterwards. Consequently, the OOlt­
ing technique was rejecte(i.

2. Second Daughterboard Fasteni"6 Technique:
Gluing
In this case, the board was glued to the set·screw tips.
After a careful analysis ofvisc:osity, holding force, and
ease of curing, a glue from Loctite (No. 4(3) was
chosen. With a syringe, the glue was gentlyapplied
to the three set·screw tips, which were just barely
touching the daughterboard. This yielded satisfac­
tory results, as the discussion below shows.

8. Mec:h8nicaI StIIbility 1EJIperiments: 5etup

This section describes the diagnostic setup used to
measure the efrect oC mechanical vibrations and
shock on the daughterboard %-y Oateral) alignment.
Experimental results Collow the setup description.

The measurement setup was as follows: ln lieu ofa
smart·pizel die, a quadrant detec:tor (QD) from UDT,
Inc.,35 as shown in Fig. 15, was g1ued and wire bonded
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•
to a daughterboard. Afterwards. one fiber~DDected
outer-barrel-lenslet-beam-spUtter-barrel-OPS as­
sembly. with aIl the components except the fan-out
grating (heId by pieœ 5 in Fig. 1) and the lenslets,
was inserted into the baseplate according to the as-

sembly procedure. The daughterboard with the QD
was then aligned and fastened to the optomecbanics
by use of one oC the techniques described in Subsec­
tions 5.B.l and 5.8.2.

When light was launched into the OPS (with no
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Fig. 15. Quadrant detec:tor mounted on the daughterboard for a.tignment-diagnostic: purpœes.

fan-out gratïng), a single beam went through the OPS
and impinged on the QD. At the QD. the beam had
a nominal diameter of 3w = 1.02 mm (99% encircled
energy). The photocurrents generated by the four
photodetectors, labeled 1.3,5, and 7 in Fig. 15, ofthe
QD were fed by means ofthe high-speed ribbon-cable
assembly to the dedicated alignment board. On the
alignment board, each of the four signaIs was fed
through a law-pass filter having a cutotT frequency of
f3dB = 402 Hz, buffered, and then finally fed to a
Model Lab-NB A/D (analog-digital) board from Na­
tional Instruments, which sampled each of the four
voltages at 4096 samples/s. The low-pass filter wu
neœssary to eliminate aliasing. among other prob­
lems associated with frequency. The setup for gen­
erating the alignment voltage V l is shown in Fig. 16.
The three other setups for generating voltages V3 • Vs.
and Vi from their respective quadrants were analo­
gous.

Further proœssing, sucb as the calculations le­

quired to obtain the à.r and ~y signais from the four
sampIed voltages. wu performed in lABVŒW. For
ensuring repeatable results regardless of optica1
power fluctuations, aU misalignment calculations
were normalized to the total optical power hitting the
detector. For example. !rom the QD depicted in Fig.
15 it can he seen that

where k is a calibration constant. which in this case
was obtained experimentally. For this system, the
calibration constant was such that the sensitivity
was approximately 110 mV/ JI-D1 for typical power lev-

els. Figure 17 indicates that the system response
wu linear (or a value of~ < 80 JI-D1.

7. MechMicaI Stabiflty Experimenta: AesuIIa

The measurement system described in Section 6 wu
used to characterize many aspects of the optom~

chanics. This section gives the experimental results
obtainecL

A. Impact on System AflQnment of Fiber Connecter
Insertion-&traction

The field serviœability of the fiber-connected power
supply was an advantage that this system ofrered.
For this ease ofconnection to be ofgreatest use. how­
ever, it was imperative that the fiber easily be con­
nected and disconnected without upsetting system
alignment. The results ofan experiment in which a
new fiber with a fiber connec:tor <Fe> was connected
to and clisconnected from the reœptacle on the Fe
bulkhead [part 2 in the assembly drawing (Fig. 1)]

Fic. 16. Elecrronic setup (or generating. bufl'eriq. aDCI proceu­
iDe one QD sipal.
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per minute). The chassis was simply resting on a
table and was not clamped down in any manner.

Every day for almost two weeks, with the fan al­
ways on at full power, the position of the daughter.
board was measured.. As can he seen from the
results shown in Fig. 19, the daughterboard feU in the
y direction by approximately 1 JUIl/day then stabi­
lized after a week.. The repeatability of these mea·
surements was 1:1~. As stated above, the poor
long-term stability ofthe daughterboard bolting tech­
nique led to its rejection for system assembly.

c. Measurement of the Long-Term Drift of the Glued
OaughterbOard

This experiment measured the long-term drift of the
daughterboard after it was fastened at (x, y) = (0, 0)
on day 1 by use of the gluing technique. Measure­
ment results for % and y are shown in Fig. 20.

The most 10gica1 interpretation of the long-term
drift results shown in Fig. 20 is as follows: The
board was glued at (0, 0) ~2 J.LDl and moved approx­
imately 1~ during curing. For more than 2 mos
after curing the board never moved to within the
measurement error. regardIess of whether the ETRI
125DH fan in the setup described in Subsection 7.B
was blowing air onto the daughterboard. Note that~

after the glue had cured~ decoupling the daughter­
board !rom the motorized %-y-z stage or extraeting­
inserting the high-speed ribbon connector on the
daughterboard produced no measurable misalign­
ment. The final f'e-qilts are shown in Table 1. Note
also that adjusting the RBS's in the OPS can com­
pensate for small errors in % and y. ln the case of
this long-term drift measurement experiment, mea­
surement repeatability was :=3 JUD•

It should also he noted that, after the glue had
cured (whicb took a few minutes), it lea a slight

-~ -2 -1 0 2 3
.rdisplacemcnt (J.Un)

Fig. 18. Effect cL repeaf.ed ïnsertioo-estrac:tion cycles oC a FC 0Il

the system alignment. ResuJts indicate that in5erting-removing
the 6ber does DOt a1fect system alignment to within a : l·JUI1
acxuracy.

120-20

B. Measurement of Long-Tenn Drift of the BoIted
Daughterboard

This experiment measured the long-tenn d.rift of the
daughterboard after it was fastened by use of the
bolting technique. The bolts were band tightened
sufficiently to hold the board snugly to its mOUDting
clamp on the optomechanics; further tightening of
the bolts might have been possible, but repeated ex­
periments indicated that excessive tightening caused
the board to move !rom its aligned position during
system assembly.

After the daughterboard was bolted, a large (120
mm x 120 mm x 38 mm) industrial cooling fan typica1
of those mounted in conventional backplane chasses
(Mode1125DH 1LPll000 from ETRI, Inc.) was bolted
10 the~ chassis and mounted 50 mm awav from
the daughterboard. The fan was mounted beside the
daughterboard and oriented such that it blew air di­
rectlyonto the daughterboard.. There was consider­
able clearance around the fan to allow for unimpeded
air flow. The fan was fed 500 mA at 12 V de (accord·
ing to specifications), which made it rotate at -3000
rpm (50 Hz). At this frequency, if the flow is unim.
peded the fan is specified ta blow 102 dm (cubic feet

two dozen times within 5 min are shawn in Fig. 18.
As can be seen~ the spot never moved at all, ta within
the measurement uncertainty of =. 1 tLD1 in this setup.
This result is more than simple verification that a
single-mode fiber connector bas excellent repeatabil­
ity: It indicates that system alignment was in no
way affected either by the small shocks associated
with fiber insertion or by the torque imparted to the
outer barrel as the connector was band tightened
until the locking screw was snug. However, it
should be noted that, if the connector was tightened
extremely tightly, the spot did move by approxi­
mately 2 or 3 JLID. Similar results were obtained for
bath daughterboard mounting techniques (bolting
and gluing).

o 20 40 60 80 100
AcruaJ diSWJCe tn~·eled in .f-direction {J.lm>

Fig. 17. Calibration and performance of the quadrant deteetor­
based displacement measurement 5)-stem.

•

•
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techniques obviously would yield more insight; this is
a promising route for further research.

Even though the low-pass filter at the input-signal
source had a half-power cutaff frequency of 402 Hz,
the very slow (first-order) rol1-off allowed signais in
the 800 Hz range to he picked up, aIbeit with an
attenuation of more than 50%.

The vibrations !rom the fan could have been cou­
pied ta the daughterboard in at least two main ways:
(1) Since the fan was bolted to the chassis and the
daughterboard was glued to the optomechanics,
which were a1so ultimately bolted to the chassis, the
fan's mechanical vibrations could have been coupled
mechanically from the fan to the daughterboard by
means of the chassis and optomechanics, or (2) since
the powerful air flow was bloWÏDg straight onto the
daughterboard and the electrica1 connector, the air
ftow itself could have caused the board to vibrate.

Experimenta were conducted to detennine which of
these two alternatives was most responsible for the

Drift or bollCd daughlerbo;ud exposai (0 fan

residue on some ofthe optics through wbich the broad
alignment beam passed. However, this residue was
subsequent1y measured to he extremely uniform over
Many millimeters; as a result, this residue had the
effect of attenuating by only -30% the light imping­
ing on the quadrant detector. This attenuation did
not affect the measured results sinœ the calculations
normalized aIl power reœived. A di1rerent glue that
has no outgassing ("blooming") during curing or a
ditrerent setup would eliminate this inoonvenienœ.

O. ReaJ-Time Measurements of Mechanical Vibrations of
the Glued Daughterboard

Although the glued daughterboard when exposed ta
the large air currents generated by the fan did not
move ta ~ithin the measurement elTOr over severa!
months, it did exhibit a very interesting hehavior
when its real-time displacements were analyzed in
the spectral domaine For analyzing the spectral he­
havior of the board's misalignment. fast Fourier
transforms of the board's misalignment were per­
formed with lABVIEW.

Figure 21(a) shows the results of the control exper­
iment in which the ETRI Model 125DH fan was
turned off. Other than the small spikes at low Cre­
quencies «100 Hz) that are probably due to electri­
cal interference the spectrum was generally quiet.

For the measurements shown in Fig. 21(b), how­
ever, the fan was tumed on ta full power as in pre­
vious experiments. In this case, spikes at 410 Hz
and at subsequent inf.eger multiples of this funda­
mental Crequency can he discemed for .;U and are
readily visible for &y. The conclusion to he drawn is
that the daughterboard mounting system bas a me­
chanical resonance frequency of 410 Hz. This is
very encouraging since it is almost an order of mag­
nitude away from Most cooling fans' 3000 rpm (50 Hz)
rotational frequency; as a result, cooliDg fans sbould
Dot cause this system to become mechanically unsta­
ble. More 80phisticated modeling and measurement
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daughterboard vibration. In one experimen~ the
fan was placed in the same position and orientation
as before but was attached ta the table instead of ta
the chassis. As a result. the same air ftow passed
over the board but there was no direct mechanical
coupling. In the other experiment, the fan was
bolted to the chassis as hefore. but the air ftow to the
daughterboard was blocked by a stüf pieœ of card­
board. The results were inconclusive: 80th exper­
iments yielded a spectrum similar to the one shown
in Fig. 21(b). More research must he performed in
this area.

E. Oaughterboatd Positioning in ether Degrees of
Freedom
The above measurements on daughterboard position­
mg address ooly two degrees of freedom: % and y.
Of the four remaining degrees offreedom. three were
considered critical: the errors in the tilts (8% and 8>,)
and the error in Za (defined in Fig. 4). Given the
small size of the array (8 x 4). a quick vïsual check
before gluing was sufficient to ensure that daughter­
board rotation (e~1 was satisfactorv.

With a traveling-microscope aiTangement, mea­
suring z3 was accomplished by measurement of the
distance !rom the edge of the daughterboard ta the
optomechanies and then subtraction of the known
thickness ofthe die and its glue. Measuring the tilt
was accomplished by measurement of Z3 at severa!
positions along the daughterboard edge and use of
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simple geometrical relations to subtraet from these
readings a known tilt of the die with respect to the
daughterboard.. The results are summarized in Ta­
ble l.

F. Disa lSSion of Results

The daugbterboard mounting technique was labor
intensive, and from Table 1 it cao he seen that Most
objectives were probably Dot met. This is partly due
ta the extremely tight constraints that were imposed
(the target value is for a I % loss) and partly due to the
novelty or the mounting technique. which is quite
different from traditional slug-based techniques.
given the system constraints_ Although the system
can still functioD with the results obtained, a certain
number of conclusions can Donetheless he drawn
!rom this worle (IJ The interface between optoelec­
tronies and optics is by far the MOst critical in any
system of this nature. (2) A better way or aligning
~ to the optoelectronics. either by use of mechani­
cal means or by prealignment ofthese comp(ments ta
each other before insertion, is necessarv. (3) Once
assembled. a system like this one is very stable (see

Sections 6 and il.

a. Condusion
This paper has presented the mt. to our knowl­
edge. tru1y 3-D. "'ertïcal1y oriented. rack-mounted.
multistage optomeehanical system implementing a
Cree-space optical interconnect. Additionally, the



approach chosen can be scaled to much larger sys­
tems.

ln this paper we have outlined some of the design
trade-offs and issues to he faced when designing op­
tomechanics for a free-space digital oomputing sys­
tem. It was shown that optical constraints,
machining tolerances, optoelectronic technology,
electronic packaging. material parameters. thermal
etTects, and component availability all bave a major
inBuence on the optomechanics. Moreover, diagnos­
tic techniques were developed and shown to yield
.~.. ·~~:dt.~rar,~~ i::::-·~~:~t·i"~;. '~:1 ~h~ ~t.:lt'l~ .)fth~ t-'p~n!'!:e­

chanics. Finally, funher a~'enues of re:;earch, such
as a better understanding of vibration mechanisms,
were proposed_
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